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Abstract 
The use of steel I-shaped girders with tubular flanges (i.e., tubular flange girders or 
TFGs) has been proposed for curved highway bridges. Compared with conventional steel 
plate I-shaped girders (IGs), TFGs have substantially greater torsional stiffness and 
strength, which improves significantly the behavior of an individual curved TFG 
compared with a corresponding IG. One type of TFG with a rectangular tube as the top 
flange and a flat plate as the bottom flange (i.e., the TFG1 section) is studied in this 
research. Compared to the previously studied TFG with rectangular tubes as the top and 
bottom flanges (i.e., the TFG2 section), a TFG1 has the advantage of avoiding the need 
for concrete infill or an internal steel diaphragm in the tubular bottom flange at the 
bearings, but still has sufficient torsional stiffness and strength to perform well as a 
curved bridge girder. This research focuses on developing and validating the use of 
TFG1s for curved highway bridges. 
Simplified FE models for curved TFG1 bridges are developed for use in the design 
of these bridges. Detailed FE models are developed for use in validating the simplified 
FE models and in verifying that the response of curved TFG1 bridges to various loading 
conditions is as intended. Design guidelines for curved TFG1 bridges are presented. Eight 
curved TFG1 bridges are designed. Detailed FE models of these bridges are used to 
evaluate the effectiveness of the design guidelines. The results show that the design 
guidelines can be used to safely design curved TFG1 bridge systems. In addition, 
comparisons between curved TFG2 bridges and curved TFG1 bridges are made.   
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A comprehensive study of the response of curved TFG1 bridge systems compared 
with corresponding curved IG bridge systems is conducted. All comparisons are based on 
bridges that satisfy the current U.S. design recommendations for steel curved highway 
bridge girders. A parametric study is conducted, where the parameters of the bridges that 
were varied include the span length, the horizontal curvature, number of interior cross 
frames, and other factors. 28 different curved TFG1 bridges were designed. These bridges 
were used with detailed FE models in a study of the effectiveness of the design 
guidelines. Again, the results show that the design guidelines can be used to safely design 
curved TFG1 bridge systems. The results comparing TFG1 systems with IG systems 
show that curved TFG1 bridge systems have more efficient (lighter) girder cross sections 
and/or require fewer interior cross frames than corresponding IG systems. 
Detailing of cross frames for curved TFG1 bridges is studied. Conventional no load 
fit (NLF), steel dead load fit (SDLF), total dead load fit (TDLF) detailing methods were 
studied. In addition, two new detailing methods for curved TFG1 bridges, individual steel 
dead load fit (ISDLF) and remaining dead load fit (RDLF) were studied. The responses of 
example bridges with different detailing methods are compared, and appropriate detailing 
methods for curved TFG1 bridges are recommended. ISDLF detailing is recommended 
for cross frames of curved TFG1 bridges with a short span (90 ft or less). For longer span 
bridges, NLF detailing is recommended.  
A two-thirds scale two-girder test specimen and corresponding full size bridge was 
designed using the design recommendations. The test specimen was fabricated and 
erected. The procedure to erect and assemble the test specimen was studied. Detailed FE 
models were used to simulate the assembly of the test specimen and the results were 
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compared with test data. The observations and analyses show that it is feasible to install 
the interior diaphragms as the individual curved TFG1s carry their own weight across the 
span without shoring or other temporary supports within the span. 
The test specimen was tested up to and beyond the maximum load capacity.  An 
updated FE model, including accurate material properties, geometric imperfections, and 
test boundary conditions, was used to analyze the test specimen and make comparisons 
with the test data. The FE results and test data show that the design recommendations can 
be used to safely design curved TFG1 bridges for construction conditions. The close 
agreement of the FE results with the test data indicates that the FE models can be used to 
accurately predicate the response of curved TFG1 bridges. 
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Chapter 1:   Introduction 
1.1  Overview 
It is well known that the curvature of a horizontally curved bridge induces torsion as 
well as bending in the supporting bridge girder system under vertical loads. In current 
U.S. highway bridge design practice, the interaction of a system of I-shaped steel plate 
girders (i.e., conventional steel I-girders, or IGs) with cross frames or diaphragms 
between the girders is often used to resist the torsion in a curved bridge. An individual IG 
has small torsional stiffness and strength, and depending on the amount of horizontal 
curvature, an individual IG may develop large deformations and stresses under its own 
weight if it is unsupported within the span during construction. As a result, temporary 
shoring or other support is often required during construction of curved IG bridge 
systems. Interior cross frames between the IGs are often needed before the girder system 
can carry its own weight across the span. 
An alternative to the system of IGs with cross frames, is the use of box section 
girders. A box section girder has large torsional stiffness and strength compared to an IG. 
Box section girders, however, have some disadvantages: (1) cross section distortion of 
the box section is expected due to the wide plates used to construct the box shape, leading 
to significant distortional stresses; and (2) stiffeners and interior bracing are needed in a 
box section to reduce the distortion, and this makes box section girder design, fabrication, 
and maintenance relatively expensive. 
Fan (2007) and Dong and Sause (2008b) studied the use of steel tubular flange 
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girders (TFGs) for curved highway bridges. A TFG is a steel I-shaped girder with a 
rectangular tube instead of a flat plate for one or both flanges. The tube provides 
substantial torsional stiffness and strength, and improves the behavior of curved I-shaped 
girders. Fan (2007) and Dong and Sause (2008b) studied the behavior of curved TFGs 
with two tubes, one tube for the top flange and one tube for the bottom flange (the TFG2 
section). They showed that curved TFG2s have significantly reduced deformations and 
stresses compared to curved IGs. They also showed that curved TFG2 systems need 
fewer cross frames than corresponding IG systems. Dong and Sause (2008b) also 
presented an approach to design curved TFG2 bridge systems. TFG2s, however, have 
some disadvantages: (1) concrete infill or internal steel diaphragms are needed in the 
tubular bottom flange at the bearings, and (2) a cover plate on the tubular bottom flange 
is needed for bridges with a long span or a large curvature ratio. To avoid these 
disadvantages of TFG2S, a TFG section with a tube as the top flange and a flat plate as 
the bottom plate (the TFG1 section) has been developed for curved highway bridges, and 
is the subject of the present research. 
1.2  Dissertation Objectives 
This research has following objectives: 
(1) To validate the application of the design recommendations from Dong and 
Sause (2008b), developed for curved TFG2 bridge systems, to curved TFG1 
bridge systems; 
(2) To develop finite element (FE) models to investigate the behavior of curved 
TFG1 bridge systems and corresponding TFG2 and IG systems; 
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(3) To study different methods for detailing and installing cross frames during the 
erection of a curved TFG1 bridge system; 
(4) To investigate experimentally the behavior of a curved TFG1 bridge girder 
system during assembly of the system after the individual girders are erected 
and under simulated concrete deck placement conditions; 
(5) To compare test data from the experimental investigation with results from the 
FE models to validate the FE models;   
(6) To use the test data and the FE model results to validate the design criteria and 
process used to design curved TFG1 bridge girder systems.  
1.3  Dissertation Scope 
This research program includes numerical simulations using FE models and 
experimental studies.  
Development of FE Models 
FE models were used to design and analyze the behavior of curved bridges with 
TFG1s, TFG2s, and IGs. The program Abaqus (version 6.12) was used. Two types of FE 
models were developed, so-called simplified models (Model-S) and so-called detailed 
models (Model-D). Simplified models use beam elements for the steel flanges of the 
girder, and shell elements for the steel web of the girder, as well as the concrete deck. 
Detailed models use shell elements for the entire steel girder and the concrete deck. 
Simplified models are intended for design. Detailed models are used for more accurate 
simulations of the nonlinear behavior of curved bridge systems.  
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Study of behavior between curved TFG1 bridges system  
Eight curved TFG1 bridges were designed according to the design criteria 
recommended by Dong and Sause (2008b). FE analyses were used to validate these 
designs relative to the design guidelines. The behavior of several curved TFG1 bridges 
were compared with several updated curved TFG2 bridges originally designed by Dong 
and Sause (2008b). Another 28 curved TFG1 bridges were designed according to the 
design guidelines from Dong and Sause (2008b). FE analyses of these bridges were made 
to investigate the behavior of curved TFG1s, and this behavior is compared with 
corresponding IG systems that are designed to satisfy similar design criteria. The results 
of this study provide a comprehensive validation of the use of the design guidelines for 
curved TFG1 bridges. A parameter study was conducted which included span length, 
horizontal curvature ratio (span over curvature radius), and the number of interior cross 
frames. 
Analysis of different methods for detailing and installing cross frames 
Conventional cross frame detailing methods (no load fit (NLF), steel dead load fit 
(SDLF), and total dead load fit (TDLF)) were studied for curved TFG1 bridge systems 
and curved IG bridge systems. The methods were studied using FE models of five 
different curved bridge systems. Since individual TFG1s can carry their own weight 
across the span without temporary shoring within the span, two new detailing methods, 
individual steel dead load fit (ISDLF) and remaining dead load fit (RDLF), were also 
studied for curved TFG1 bridge systems. The responses of the curved bridge systems, 
assembled using different detailing methods, are compared. 
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Design of test specimen  
A full-size curved bridge system with TFG1s and the corresponding two-thirds scale 
test specimen were designed. The full-size bridge has a 90 ft span, and a curvature ratio 
of 0.45. The two-third scale test specimen has the same curvature ratio, but all 
dimensions are scaled by two-thirds. The full-size and two-thirds scale TFG1 bridge 
systems were designed in accordance with recommendations by Dong and Sause (2008b). 
Both simplified and detailed FE models were used to check the designs. A corresponding 
curved IG system was designed and is compared with the full-size TFG1 bridge system.  
Fabrication and erection of the test specimen 
The TFG1s of the test specimen were fabricated and erected in a test-setup area. The test 
specimen was fabricated from conventional steel plates and tubes. Each TFG1 was 
erected on temporary bearings as an individual girder with temporary bracing at the ends, 
demonstrating the capability to easily support their own weight. Then the end diaphragms 
were installed. Measurements were made of the forces and deformations that develop in 
the interior diaphragms and TFG1s during the installation of the interior diaphragms. FE 
models were developed to simulate the installation of the diaphragms into the test 
specimen. Comparisons between the test data and FE results are made.  
Loading of test specimen to failure  
Tests of the test specimen under simulated concrete deck placement conditions were 
conducted. Tests in the elastic range and a test that pushed the test specimen up to and 
beyond its maximum load capacity (inelastic range) were conducted. Data from these 
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tests are summarized.  
 Analysis of test data and comparisons with FE results 
The data collected during the tests were analyzed and compared with FE analysis 
results. The data include vertical displacements, cross section rotations, strains, and 
internal forces. Detailed properties of the test specimen, including material properties and 
geometric imperfections were included in a detailed FE model to provide a final set of FE 
results for comparison with test data. The comparisons with the test data provide 
validation of the FE models and of the design recommendations used to design the test 
specimen. 
1.4  Dissertation Organization 
This dissertation consists of ten chapters: 
Chapter 1 introduces the overview, research objectives, dissertation scope and the 
organization of the dissertation. 
Chapter 2 presents background information related to this research. An introduction 
of previous research on straight TFGs, and on curved TFGs is presented. Existing design 
formulas for the flexural strength of TFGs are also introduced. 
Chapter 3 discusses the finite element (FE) models and modeling approach 
developed in this research. The chapter presents both simplified models for use in design 
of curved TFG1 bridges and detailed models for more accurate simulations of response. 
Chapter 4 introduces the design recommendations (i.e., the design criteria and 
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process) used to design curved TFG1 bridge systems. Eight bridges, including curved 
two-girder, three-girder and four-girder bridges, were designed and used in studies to 
validate the design criteria and process. Curved three-girder bridge systems previously 
designed with TFG2s by Dong and Sause (2008b) were updated and their behavior was 
compared with that of curved three-girder bridges systems with TFG1s. 
Chapter 5 presents a comprehensive study of the behavior of curved TFG1 bridge 
systems and compares this behavior with that of corresponding IG systems. 28 curved 
TFG1 bridges were designed and used to validate the design recommendation. The bridge 
span, the curvature ratio, the number of interior cross frames, and second order effects 
were investigated in the study. 
Chapter 6 presents different methods used to detail cross frames and install cross 
frames to assemble the girder system (girders and cross frames) for curved highway 
bridges. Three conventional detailing methods including NLF, SDLF and TDLF, and two 
new methods, including ISDLF and RDLF, are studied. 
Chapter 7 introduces the design of the two-third scale curved TFG1 bridge system 
test specimen and corresponding full-size TFG1 bridge system. For the full-size bridge, 
the loads and load combinations are summarized. For the scaled test specimen, scale 
factors for the geometry and loads are discussed. Both simplified and detailed FE models 
are used to assess the designs. A corresponding curved IG bridge system was designed 
and is compared with the full-size TFG1 bridge system. 
Chapter 8 presents the erection and assembly of the test specimen. Measured data 
and FE analysis results for the forces, displacements, and strains induced during the 
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assembly are presented. Comparisons of the test data acquired during the system 
assembly and the FE results are presented. 
Chapter 9 presents data from tests to failure of the test specimen. Detailed properties 
of the test specimen, including material properties and geometric imperfections are 
presented. These properties were included in a detailed FE model to provide a final set of 
FE results for comparison with the test data. The final set of FE results is compared in 
detail with the test data to validate the FE models developed earlier. 
Chapter 10 presents a summary, conclusions, and future work. 
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Chapter 2:   Background 
2.1  Introduction 
Background information related to this research is summarized in this chapter. 
Previous and related research on horizontally curved steel bridge girders includes studies 
of conventional I-girders (IGs) and tubular flange girders (TFGs), which are shown in 
Figure 2.1. A review of this research is presented in Section 2.2. Section 2.3 reviews 
design formulas for the flexural capacity of TFGs.  
2.2  Related Research 
2.2.1  IGs for curved highway bridges 
     The design of IGs for curved highway bridges is now well established after substantial 
research over the past 15 years. The AASHTO LRFD Bridge Design Specifications 
(AASHTO, 2010) provide the required design criteria. Recently, White et al. (2012) 
completed a study of skewed and curved highway bridges, which investigated the effects 
of the method for detailing and installing the cross frames in the bridge system. 
The study by White et al. (2012) considered detailing methods outlined in the 
Guidelines for Design for Constructibility (AASHTO/NSBA, 2003). These methods of 
detailing affect the geometry of the bridge girders as well as the stresses and 
deformations in the girders and cross frames in the final constructed condition. The three 
detailing methods that were studied, include: 
(1) No load fit (NLF): the cross frames are detailed to fit the girders with the 
13 
 
girders plumb in the no load condition; 
(2) Steel dead load fit (SDLF): the cross frames are detailed to fit the girders with 
the girders plumb after the steel dead load is applied; 
(3) Total dead load fit (TDLF): the cross frames are detailed to fit the girders with 
the girders plumb after the total dead load is applied. 
White et al. (2012) studied the behavior of curved, radially-supported IG bridge 
systems with NLF, SDLF, and TDLF detailing. They recommend that NLF detailing be 
used for most curved, radially-supported IG bridge systems.     
2.2.2  TFGs for straight highway bridges 
Wassef et al. (1997) first proposed the use of TFGs in straight highway bridges. 
Wimer and Sause (2004) performed a design study to investigate the behavior of TFGs 
with a rectangular concrete-filled tube as the compression flange and a flat plate as the 
tension flange (Figure 2.1 (c)). This work showed that TFGs enable large unbraced 
lengths between cross frames to be used due to the substantial torsional stiffness provided 
by the tubular flanges. 
 Kim and Sause (2005a,b) investigated the behavior of TFGs with a round concrete-
filled tube as the compression flange and a flat plate as the tension flange in straight 
bridges (Figure 2.1 (b)). They showed that TFGs require fewer cross frames to maintain 
lateral-torsional stability during the deck placement stage of bridge construction than 
similar IGs, and that the concrete-filed tubular flange provides greater torsional stiffness, 
strength, and stability than a flat plate flange. Kim and Sause (2005a) proposed design 
flexural strength formulas for TFGs that are used in the present study. 
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Dong and Sause (2008a) investigated the load capacity of straight TFGs made with 
two hollow rectangular tubes, with one tube for the top flange and one tube for the 
bottom flange (the TFG2 cross section), as shown in Figure 2.1 (d) and Figure 2.1 (e). 
The study shows that residual stresses have an important effect on the flexural strength of 
TFG2s with intermediate unbraced lengths. The study validated the design flexural 
strength formulas proposed by Kim and Sause (2005a) for straight TFG2s. 
2.2.3  TFGs for horizontally curved highway bridges 
Fan (2007) conducted linear elastic theoretical analyses of individual curved TFGs 
and bridge systems composed of multiple curved TFGs braced by cross frames. Fan 
developed a stress analysis method and finite element (FE) models to compare the 
behavior of curved TFGs with curved IGs. This study shows that a curved TFG bridge 
system develops less warping normal stress and cross section rotation of the individual 
girders of the system, and smaller cross frame forces in the assembled bridge girder 
system compared to a corresponding IG system. Fan (2007) focused on doubly 
symmetric TFG2s (Figure 2.1(d)). 
Dong and Sause (2008b) investigated the behavior of TFG2s in curved highway 
bridges including the behavior of individual curved girders and assembled curved girder 
systems. This research studied the effect of transverse web stiffeners, geometric 
imperfections, residual stresses, and cross section dimensions on the behavior of curved 
TFG2s. FE models were used for the analyses. Material inelasticity, second order effects, 
initial geometric imperfections, and residual stresses were included in the FE models. The 
results showed that a suitable arrangement of web transverse stiffeners, along with tube 
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end diaphragms, effectively eliminated the effect of cross section distortion on the 
maximum load capacity. The arrangement of stiffeners included web transverse stiffeners 
at the bearings (bearing stiffeners) and seven intermediate web transverse stiffeners 
equally spaced along the span. The geometric imperfections and residual stresses were 
shown to have only a small effect on the maximum load capacity. 
Dong and Sause (2008b) compared the behavior of curved TFG2 systems and 
corresponding curved IG systems. The work showed that curved girders with the TFG2 
section have many advantages including: (1) an individual curved TFG2 develops less 
vertical displacement, less warping normal stress, less total normal stress, and less cross 
section rotation than a corresponding curved IG under the same load; (2) an assembled 
curved TFG2 system develops smaller interior diaphragm (or cross frame) forces than a 
corresponding curved IG system; (3) fewer interior diaphragms (or cross frames) are 
needed for an assembled curved TFG2 system than for a corresponding curved IG 
system; and (4) individual curved TFG2s can carry their own weight across the span 
without temporary shoring or bracing within the span. In the study, the overall cross 
section dimensions and the cross section areas of the TFG2s and the corresponding IGs 
were kept similar.  
Dong and Sause (2008b) presented several example curved three-girder bridge 
systems with TFG2 sections designed according to the AASHTO LRFD Bridge Design 
Specifications (AASHTO, 2004). Three limits states were considered in the design 
criteria including the Constructibility limit state, Service II limit state, and Strength I 
limit state. Two types of FE models were used in the study including simplified FE 
models (Figure 2.2) and detailed FE models (Figure 2.3). In the simplified FE models, 
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beam elements are used to model the tubular flanges and the cross frames; shell elements 
are used to model the webs and stiffeners. In the detailed FE models, shell elements are 
used to model the tubular flanges, webs stiffeners, and tube end diaphragms; beam 
elements are used to model the cross frames. Simplified FE models can save the 
calculation time and effort needed to determine the design demands for the limit state 
load combinations. Detailed FE models are used to verify that the bridges have the 
intended behavior with respect to the design criteria for each limit state.  
 Several curved three-girder example bridges were designed and then studied with 
the detailed FE models to validate the design criteria and process.  This work shows that 
the design criteria for curved steel highway bridges specified in AASHTO (2004) can be 
adapted and effectively used to safely design curved TFG2 bridges.  
Putnam (2010) designed, analyzed, and tested a ½-scale single TFG2 test specimen. 
Putnam showed that FE models can be used to accurately predict vertical displacement, 
cross section rotation, normal strain, and shear strain in comparison with test results. The 
boundary conditions at the ends of the test specimen appeared to have a significant effect 
on the shear strains near the ends.  
For the curved TFG2 bridge systems developed by Dong and Sause (2008b), the use 
of a tubular bottom flange requires concrete infill or internal steel diaphragms in the 
tubular bottom flange at the bearings to avoid local deformations of the tubular bottom 
flange due to the bearing forces. In addition, Dong and Sause (2008b) showed that for 
bridges with a long span or a large curvature ratio, a cover plate is needed on the tubular 
bottom flange in regions of large positive primary bending moment to carry the required 
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tension forces in the flange even when the largest available standard tube (hollow 
structural section, HSS) is used for the bottom flange. An improved TFG section that uses 
a tube as the top flange and a flat plate as the bottom flange of the I-shaped section (the 
TFG1 section) is studied in the present research. The flat plate bottom flange eliminates 
these limitations associated with a tubular bottom flange.  
2.3  Design Flexural Strength of TFGs 
Dong and Sause (2008a) analyzed the flexural strength of straight TFG2s, and this 
research shows that the following formulas presented by Kim and Sause (2005a) provide 
satisfactory prediction of the flexural capacity of individual TFG2s.  
For TFGs that are not composite with a concrete deck, assuming perfect lateral and 
torsional bracing at the bracing points, the design flexural strength, Mn, is (Kim and 
Sause, 2005a) as follows: 
𝑀𝑛 = 𝐶𝑏𝛼𝑠𝑀𝑠 ≤ 𝑀𝑠                                           (2.3) 
where,  
Cb
 
= moment gradient correction factor 
𝛼𝑠 = strength reduction factor 
Ms = cross section ultimate flexural strength 
The moment gradient correction factor is given by: 
𝐶𝑏 =
12.5𝑀𝑀
2.5𝑀𝑀+3𝑀𝐴+4𝑀𝐵+3𝑀𝐶
                (2.4) 
where,  
MM = absolute value of the maximum moment in the unbraced segment 
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MA, MB, and MC = absolute values of the moment at the quarter, middle, and three-quarter 
points in the unbraced segment, respectively 
The strength reduction factor is given by: 
𝛼𝑠 = 0.8{[(
𝑀𝑠
𝑀𝑐𝑟
)2 + 2.2]1/2 −
𝑀𝑠
𝑀𝑐𝑟
} ≤ 1.0       (2.5) 
where,  
Mcr = elastic lateral torsional buckling moment, given by:  
𝑀𝑐𝑟 =
𝜋𝐸
𝐿𝑏
𝑟𝑦
√0.385𝐾𝑇𝐴 + 2.467
𝑑2𝐴2
(
𝐿𝑏
𝑟𝑦
)2
             (2.6) 
where, 
Lb = unbraced length 
ry = radius of gyration 
KT = St. Venant torsional constant 
A = section area  
d = girder section depth 
The radius of gyration is given by: 
𝑟𝑦 = √
𝐼𝑡𝑓+𝐼𝑏𝑓
𝐴
            (2.7) 
where, 
Itf  and Ibf  =  moments of inertia of top and bottom flanges about the vertical axis, 
respectively 
For non-composite TFGs, the ultimate flexural strength of the cross section Ms is 
given by: 
𝑀𝑠 = 𝑅𝑝𝑐𝑀𝑦𝑐            (2.8) 
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where,  
Rpc = web plastification factor for the compression flange  
Myc = yield moment of the steel section with respect to the compression flange 
According to Article 6.2 from AASHTO (2010), 𝑅𝑝𝑐 is as follows: 
For compact web sections, 
𝑅𝑝𝑐 =
𝑀𝑝
𝑀𝑦𝑐
             (2.9) 
where, 
Mp = plastic moment of the section 
For noncompact web sections, 
𝑅𝑝𝑐 = [1 − (1 −
𝑅ℎ𝑀𝑦𝑐
𝑀𝑝
)(
𝜆𝑊−𝜆𝑃𝑊(𝐷𝑐)
𝜆𝑟𝑊−𝜆𝑃𝑊(𝐷𝑐)
)]
𝑀𝑝
𝑀𝑦𝑐
≤
𝑀𝑝
𝑀𝑦𝑐
        (2.10) 
where,  
𝜆𝑃𝑊(𝐷𝑐) = limiting slenderness ratio for a compact web corresponding to 2
𝐷𝑐
𝑡𝑤
 
             = 𝜆𝑃𝑊(𝐷𝑐𝑝)(
𝐷𝑐
𝐷𝑐𝑝
) ≤ 𝜆𝑟𝑊 
𝜆𝑃𝑊(𝐷𝑐𝑝)  = limiting slenderness ratio for a compact web corresponding to 2
𝐷𝑐𝑝
𝑡𝑤
  
𝐷𝑐 = depth of the web in compression in the elastic range 
𝐷𝑐𝑝 = depth of the web in compression at the plastic moment 
𝜆𝑟𝑊= limiting slenderness ratio for a noncompact web 
The design flexural strength for torsionally braced straight TFGs, 𝑀𝑛
𝑏𝑟, is given by:  
𝑀𝑛
𝑏𝑟 = 𝐶𝑏𝑢𝛼𝑠
𝑏𝑟𝑀𝑠 ≤  𝑀𝑛                                        (2.11) 
where, 
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Cbu = moment gradient correction factor corresponding to the girder without interior 
bracing within the span, obtained by applying Equation 2.4 to entire girder length 
𝛼𝑠
𝑏𝑟 = strength reduction factor for torsionally braced girder, given by: 
𝛼𝑠
𝑏𝑟 = 0.8{[(
𝑀𝑠
𝑀𝑐𝑟
𝑏𝑟)
2 + 2.2]1/2 −
𝑀𝑠
𝑀𝑐𝑟
𝑏𝑟} ≤ 1.0         (2.12) 
where,  
𝑀𝑐𝑟
𝑏𝑟 = elastic LTB moment including torsional brace stiffness, which is given by: 
𝑀𝑐𝑟
𝑏𝑟 = √𝑀𝑐𝑟
𝑢𝑏𝑟2 +
𝐶𝑏𝑏
2
𝐶𝑏𝑢
2 𝑀𝑏𝑟
2               (2.13) 
𝑀𝑐𝑟
𝑢𝑏𝑟 = elastic LTB moment for the girder without interior bracing within the span, given 
by: 
𝑀𝑐𝑟
𝑢𝑏𝑟 =
𝜋𝐸
𝐿
𝑟𝑦
√0.385𝐾𝑇𝐴 + 2.467
𝑑2𝐴2
(
𝐿
𝑟𝑦
)2
       (2.14) 
Cbb = moment gradient correction factor corresponding to the unbraced segment under 
investigation, assuming the adjacent brace points provide perfect bracing, obtained by 
applying Equation 2.4 to the unbraced segment 
𝑀𝑏𝑟= moment including the torsional bracing effect, given by: 
𝑀𝑏𝑟 = √
𝛽𝑇𝐸𝐼
1.2𝐿
           (2.15) 
L = span length 
𝛽𝑇 = effective brace stiffness accounting for effect of cross section distortion, and given 
by: 
1
𝛽𝑇
=
1
𝛽𝑏
+
1
𝛽𝑠𝑒𝑐
+
1
𝛽𝑔
          (2.16) 
𝛽𝑏 = discrete brace stiffness 
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𝛽𝑠𝑒𝑐 = stiffness of the web and stiffeners 
𝛽𝑔 = stiffness of the girder system 
For TFGs that are composite with a concrete deck, the design flexural strength is 
determined using the AASHTO LRFD Bridge Design Specifications (AASHTO, 2010). 
According to AASHTO Article 6.10, the plastic neutral axis is first determined from the 
TFG section considering an effective width of concrete deck. The plastic moment of the 
entire section is then calculated as follows: 
If  𝐷𝑝 ≤ 0.1𝐷𝑡 , then 
𝑀𝑛 = 𝑀𝑝           (2.17) 
Otherwise,  
𝑀𝑛 = 𝑀𝑝(1.07 − 0.7
𝐷𝑝
𝐷𝑡
)          (2.18) 
where, 
𝐷𝑝  = distance from the top of the concrete deck to the plastic neutral axis of the 
composite section  
𝐷𝑡 = total depth of the composite section 
𝑀𝑝= plastic moment of the composite section 
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Figure 2.1 Cross sections of steel girders: (a) IG; (b) round TFG filled with concrete; (c) 
rectangular TFG filled with concrete; (d) doubly-symmetric TFG2; (e) singly-symmetric TFG2  
 
 
 
Figure 2.2 Simplified FE model (Dong and Sause, 2008b) 
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Figure 2.3 Detailed FE model (Dong and Sause, 2008b) 
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Chapter 3:    Finite Element Models 
3.1  Introduction 
The finite element program Abaqus was used to develop models of curved I-shaped 
tubular flange girders (TFG1s and TFG2s) and curved conventional I-girders (IGs) for 
the study.  In this chapter, the simplified finite element (FE) models and detailed FE 
models used in the study are presented. In Section 3.2, the material models, boundary 
conditions, and load conditions of simplified FE models are discussed. Section 3.3 
presents the detailed FE models.  
3.2  Simplified FE Models (Model-S)  
The simplified FE models (Model-S) are used to determine the girder responses 
needed to design curved girder bridge systems. In Model-S, beam elements are used to 
model the top flanges and bottom flanges of the girders, and the cross frames (or 
diaphragms) connecting the girders. Shell elements are used to model the girder webs and 
stiffeners. 20 elements across the depth are used to model the webs. So-called “rigid 
beam multi-point constraints (MPCs)” are used to join the web and flanges. When the 
model includes a concrete deck, shell elements are used to model the concrete deck.  
Figure 3.1 shows Model-S for an individual curved girder. Figure 3.2 and Figure 3.3 
show Model-S for a curved two-girder bridge system with and without a concrete deck. 
Figure 3.4 and Figure 3.5 show Model-S for a curved three-girder bridge system with and 
without a concrete deck. Figure 3.6 and Figure 3.7 show Model-S for a curved four-
girder bridge system with and without a concrete deck. 
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Boundary conditions 
For Model-S of an individual curved girder, simply supported boundary conditions 
are applied at the bearings. At each end of each girder, the vertical displacement (U3) is 
restrained. Since beam elements model the bottom flanges for each girder, only a single 
node (of the bottom flange) at each end section is restrained. At each end, the radial 
displacement (U1) of the bottom flange node and the cross section rotation (UR2) of the 
node at the web center are restrained. The circumferential displacement (U2) of bottom 
flange node is restrained at only the left end, and the rotation about the vertical axis 
(UR3) is not restrained at either end.  
Simply supported boundary conditions are used for Model-S of the assembled curved 
bridge systems. For all models, the vertical displacement (U3) of the bottom flange node 
at each end of all girders is restrained. The radial displacement (U1) of the bottom flange 
nodes at each end of G2 is restrained. At one end of G2, the circumferential displacement 
(U2) of the bottom flange node is restrained.  
Material models 
The steel material of the girders is modeled using an elastic isotropic material in the 
elastic range, and perfectly plastic isotropic material in the inelastic range.  An elastic 
modulus of 29000 ksi and a Poisson’s ratio of 0.3 are specified. The Abaqus classical 
plasticity material model is used for the steel in the inelastic range. For steel plates (plate 
flanges, webs, stiffeners), the yield stress is 50 ksi. For steel tube flanges, the yield stress 
is 46 ksi for some cases (using ASTM A500 grade B) and 50 ksi for other cases (using 
ASTM A500 grade C). 
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Some of the FE analyses in this study are of a curved bridge system with a composite 
concrete deck. The concrete in the deck, which is not well confined, is not treated as a 
pressure sensitive material in Model-S. For Model-S, the Abaqus classical plasticity 
model, with an elastic-perfectly-plastic stress-strain relationship, is used for the concrete 
in the deck. The deck concrete has 4.5 ksi compressive strength. 
Connection between cross frames and stiffeners 
The effect of the connections between the cross frames (or diaphragms) and the 
stiffeners of the girders was studied. A constraint was used so that the beam element used 
to model a cross frame member was not connected to only a single node on the stiffener. 
In particular, the effect of this constraint on the deformation of the stiffener was studied. 
As shown in Figure 3.8, four types of connection constraints were studied, including: (1) 
connection-1: six rows of stiffener nodes are constrained to the end of each cross frame 
member using MPCs; (2) connection-2: four rows of stiffener nodes are constrained to 
the end of each cross frame member using MPCs; (3) connection-3: one row of stiffener 
nodes is constrained to the end of each cross frame member using MPCs; and (4) 
connection-4:  six rows of stiffener nodes are constrained to the end of each cross frame 
member using MPCs that only constrains the displacements in three directions, but not 
the rotations.  
Four cases were studied using Model-S including: (1) Case A where connection-1 
was used to connect all cross frames to the stiffeners, (2) Case B where connection-2 was 
used to connect all cross frames to the stiffeners, (3) Case C where connection-2 was 
used to connect all cross frames to the stiffeners, and (4) Case D where connection-4 was 
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used to connect the end cross frames to the stiffeners at the bearings, and connection-1 
was used to connect the interior cross frames to the stiffeners. Figure 3.9 and Figure 3.10 
present the flange lateral bending moment along the span of G1 and G2 from a curved 
two I-girder bridge system (bridge 2IG-3 described in Chapter 5) under the factored 
Constructibility limit state load for the deck placement condition. The results show that 
the different types of constraints have an effect on only the flange lateral bending 
moment (ML) near the bearings, and the differences are not significant. Therefore, 
connection-1 is used to constrain the cross frames to the stiffeners of the girder for the FE 
analyses used in this research. 
3.3  Detailed FE Models 
Detailed FE models are used to study the anticipated actual behavior of a curved 
girder bridge system. In the detailed FE models, shell elements are used to model the top 
flanges, webs, bottom flanges, tube end diaphragms, and stiffeners of the girders. For the 
detailed FE models of curved TFG1 bridge systems, 16 shell elements are used across the 
width of the tubular top flange, 6 shell elements are used across the depth of the tubular 
top flange, 12 shell elements are used across the depth of the plate web, and 16 shell 
elements are used across the width of the bottom plate flange. For model of curved TFG2 
bridge system, 16 shell elements are used across the width of the tubular bottom flange, 6 
shell elements are used across the depth of the tubular bottom flange. For models of 
curved IG bridge systems, 16 elements are used across the width of the plate top flange. 
360 elements are used along the span length of the girders. Work by Dong and Sause 
(2008b) shows that this FE mesh refinement is sufficient to accurately determine the 
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response of TFGs.  
Beam elements are used to model the cross frames or diaphragms. When the model 
includes a concrete deck, shell elements are used to model the deck. There are four types 
of detailed FE models used in this research work, which are categorized based on the 
material models, boundary conditions, and loading conditions. They are named Model-
D1, Model-D2, Model-D3, and Model-D4, respectively. Model-D2 was used only in 
analyses discussed in the report by Sause et al. (2014), and is summarized briefly here.  
3.3.1  Model-D1 
Model-D1 is used to validate Model-S used for the design of the curved bridge girder 
system. Figure 3.11, Figure 3.12 and Figure 3.13 show Model-D1 for an individual 
curved TFG1, TFG2, and IG, respectively. Figure 3.14 and Figure 3.15 show Model-D1 
for an assembled curved two-TFG1 bridge with and without a concrete deck. Figure 3.16 
and Figure 3.17 show Model-D1 for an assembled curved three-TFG1 bridge with and 
without a concrete deck. Figure 3.18 and Figure 3.19 show Model-D1 for an assembled 
curved three-TFG2 bridge with and without a concrete deck. Figure 3.20 and Figure 3.21 
show Model-D1 for an assembled curved four-TFG1 bridge with and without concrete 
deck. Figure 3.22 and Figure 3.23 show Model-D1 for an assembled curved two-IG  
bridge with and without a concrete deck. Figure 3.24 and Figure 3.25 show model-D1 for 
an assembled curved four-IG bridge with and without a concrete deck. 
Boundary conditions 
For Model-D1 of an individual curved girder, simply supported boundary conditions 
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are applied at the bearings. At each end of the girder, the vertical displacement (U3) of all 
bottom flange nodes, the radial displacement (U1) of all bottom flange nodes, and the 
cross section rotations (UR2) of the node at the web center are restrained. The 
circumferential displacement (U2) of the center node of the bottom flange is restrained at 
only the left end, and the rotations about the vertical axis (UR3) are not restrained.  
Simply supported boundary conditions are used for Model-D1 of an assembled 
curved bridge system. The vertical displacements (U3) of all nodes of the bottom flanges 
of all girders are restrained. The radial displacements (U1) of all nodes at the bottom 
flange of each end of G2 are restrained. At only one end of G2, the circumferential 
displacement (U2) of the center node of the bottom flange is restrained.  
Material models 
The steel material of the girders is modeled using a linear elastic isotropic material in 
the elastic range, and a perfectly plastic isotropic material in the inelastic range.  An 
elastic modulus of 29000 ksi and a Poisson’s ratio of 0.3 are specified.  The Abaqus 
classical plasticity material model is used for the steel in the inelastic range. For steel 
plates (plate flanges, webs, stiffeners), the yield stress is 50 ksi. For steel tube flanges, the 
yield stress is 46 ksi for some cases (using ASTM A500 grade B) and 50 ksi for other 
cases (using ASTM A500 grade C). 
The concrete in the deck is treated as a pressure sensitive material in the detailed FE 
models. The linear Drucker-Prager model with a non-associated flow rule, and with 
isotopic hardening and softening behavior, is used to model the inelastic behavior of the 
concrete. The deck concrete has 4.5 ksi compressive strength. An empirical stress-strain 
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model for unconfined concrete developed by Oh and Sause (2006) is used for the uniaxial 
stress-strain relationship of the concrete. The idealized uniaxial stress-strain curve (IDC) 
is composed of three regions, which are the elastic, ascending, and descending regions as 
shown in Figure 3.26. During some FE analyses, the descending region of IDC was found 
to be too steep for convergence, and an adjusted curve based on the IDC was used to 
improve the convergence. To adjust the descending region of the stress-strain curve, a 
study of different stress-strain curves for the concrete was conducted, as described below. 
The stress-strain curves, as shown in Figure 3.26, include: (1) the IDC, (2) the IDC 
adjusted to have perfectly plastic post-peak behavior (IDH), (3) an adjusted IDC with a 
less steep descending region (IDCA), and (4) an elastic perfectly plastic curve (EP). 
For the analyses with residual stress using Model-D1, the details of residual stresses 
are discussed in Section 3.3.5.  
Connection of girders to concrete deck 
Constraints or beam elements were used to connect the girders to the concrete deck, 
as follows: (1) a rigid beam constraint was used to connect the concrete deck and girders, 
or (2) beam elements modelling the shear studs were used to connect the concrete deck 
and girders. Both approaches were studied to overcome convergence problems observed 
in some FE analyses. When beam elements are used, the stiffness was varied to model 
possible variations in the flexibility of the connection due to the flexibility of the shear 
studs. Beam elements with a round cross section were used, and the radius of the cross 
section was varied as 0.5, 1.0, 2.0, 3.0, and 4.0 inch (denoted GB0.5, GB1, GB2, GB3, 
and GB4). These beam elements were attached between nodes in TFG1 section model 
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and nodes in the concrete deck model along the length of the deck. The length of the 
elements in these models along the span ranges from 4 inch to 6 inch for the various 
models used in this research, so the beam element used to model the shear studs is 
understood to represent a group of studs. Figure 3.27 and Figure 3.28 show results from 
nonlinear load-displacement analyses using model D-1 with different beam elements 
modelling the shear studs. The figures show that when the radius of the beam elements is 
over 2 inch, the results do not change. Therefore, Model-D1 included beam elements with 
a 2 inch radius to model the flexibility of the shear studs. 
Results considering concrete model and connection of girders to concrete deck 
The results from FE analysis using the classic plasticity (CP) and the linear Drucker-
Prager model (DP) and using the three stress-strain curves for the concrete are compared. 
Six cases were studied, including: (1) CP concrete model with IDH curve using rigid 
beam constraints to connect the concrete deck and girders (CPIDH_RB); (2) DP concrete 
model with IDH curve using rigid beam constraints to connect the concrete deck and 
girders (DPIDH_RB); (3) CP concrete model with IDH curve using beam elements to 
connect the concrete deck and girders (CPIDH_GB); (4) DP concrete model with IDC 
curve using beam elements to connect the concrete deck and girders (DPIDC_GB); (5) 
DP concrete model with IDCA curve using beam elements to connect the concrete deck 
and girders (DPIDCA_GB); and (6) DP concrete model with IDH curve using beam 
elements to connect the concrete deck and girders (DPIDH_GB). 
Figure 3.29 through Figure 3.32 shows normalized load versus the vertical 
displacement of the outside girder from curved two-girder bridges (2TFG1-2 and 2IG-3) 
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and four-girder bridges (4TFG1 and 4IG-3) with TFG1s and IGs. The results show that 
the DP concrete model results in a maximum load capacity that is larger than that from 
the CP concrete models. Some curves in the figures do not have a post failure region 
because the truck load was applied as a localized pressure load which induced a local 
stress concentration in the concrete deck. From the results, the DP concrete model with 
IDCA curve was selected for Model-D1 with a concrete deck. 
Connection between cross frames and stiffeners 
Four cases were studied using Model-D1 to analyze the effect of the connections 
between cross frames (or diaphragms) and the stiffeners of the girders, including: (1) 
Case A where connection-1 was used to connect all cross frames to the stiffeners, (2) 
Case B where connection-2 was used to connect all cross frames to the stiffeners, (3) 
Case C where connection-2 was used to connect all cross frames to the stiffeners, and (4) 
Case D where connection-4 was used to connect the end cross frame to the stiffeners at 
the bearings, and connection-1 was used to connect the interior cross frames to the 
stiffeners. Figure 3.33 and Figure 3.34 present the flange lateral bending moment along 
the span of G1 and G2 from a curved two-IG bridge system (bridge 2IG-3 described in 
Chapter 5) under the factored Constructibility limit state load for the deck placement 
condition. The results show that the different types of constraints have an effect on only 
the flange lateral bending moment (ML) near the bearings, and the differences are not 
significant. Therefore, connection-1 is used to constrain the cross frames to the stiffeners 
of the girders for the FE analyses used in this research. 
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3.3.2  Model-D2 
Model-D2 was used to generate the forces and displacements needed to design the 
loading fixture used for the tests described in Chapter 8 and 9 (Sause et al., 2014 and 
Hampe, 2012).   
Simply supported boundary conditions are used for Model-D2 of the assembled 
curved two-girder bridge systems as shown in Figure 3.35. At each end of each girder, 
the vertical displacements (U3) and the radial displacements (U1) of all the bottom flange 
nodes are restrained. The circumferential displacements (U2) are restrained at all the 
bottom flange nodes at the east end of both girders (G1 and G2).   
Based on the mill report for the steel used in the test specimen, the yield stress of the 
tubular flanges is 52.6 ksi, and the ultimate strength is 71.4 ksi. For the steel plate bottom 
flanges in the test specimen, the yield stress of is 54.0 ksi, and the ultimate tensile 
strength is 79.6 ksi. For the steel plate webs in the test specimen, the yield stress is 60.0 
ksi, and the ultimate tensile strength is 82.0 ksi. 
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3.3.3  Model-D3 
Model-D3 was used to design and the bearings for the test specimen, to develop the 
loading procedure, and to make a pretest prediction of the test specimen response. 
Simply supported boundary conditions are applied as shown in Figure 3.36. At each 
end of each girder, the vertical displacements (U3) of three nodes near the center of the 
bottom flange are restrained. The restraint of these three nodes models the shim plate 
between the bottom flange and half-round at each end section, as shown in Figure 3.37. 
The shim plates were added to the test specimen to provide a region on the bottom flange 
where good contact could be ensured. The radial displacements (U1) are restrained at the 
two edge nodes of the bottom flange at each end of G1. The circumferential 
displacements (U2) are restrained at the three nodes near the center of the bottom flange 
at the east end of G1.  
Model-D3 has the same steel material models as Model-D2. 
3.3.4  Model-D4 
Model-D4 is an updated version of Model-D3, which is used to investigate the 
behavior of the test specimen. Model-D4 was developed using specific information from 
the test specimen and test setup. The geometric imperfections of tubes were considered. 
The material parameters were updated based on the coupon tests of steel from the tubes, 
webs, and bottom flanges, as described in Chapter 9.  The distribution of loads on the test 
specimen was taken from the test data as discussed in Chapter 9. 
The boundary conditions of Model-D4 are the same as those of Model-D3 (see 
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Figure 3.36). 
The steel material of the girders is modeled using a linear elastic isotropic material 
with an elastic modulus of 29000 ksi and Possion’s ratio of 0.3; for the steel in the 
inelastic range, the strain hardening is included, and the Abaqus classical plasticity 
material is used. The results of the coupon tests for the steel from the tubes, webs and 
bottom flange plates of the test specimen are discussed in Section 9.3. The yield stress 
and ultimate strength from these tests as discussed in Section 9.3 are used in Model-D4. 
Geometric imperfections of the tubes of the two girders in the test specimen were 
included in Model-D4. The details of these imperfections are discussed in Section 9.3. 
The effect of residual stresses in Model-D4 is also discussed in Section 9.3. The residual 
stress pattern used in the research is discussed in Section 3.3.5. 
3.3.5  Residual stress 
Dong and Sause (2008b) analyzed the effect of residual stress on the load capacity of 
assembled curved three-girder systems with TFG2s, and showed that the effect was very 
small. However, the study (Dong and Sause, 2008b) focused on residual stresses from 
cold forming and cold bending the curved steel tubular flanges. The residual stress 
pattern across the width of the tube that they used is shown in Figure 3.38. They did not 
include residual stresses in the tubular flanges from welding the flanges to the web. 
Figure 3.38 shows that the residual stress pattern they used does not include significant 
compressive stresses near the inside and outside edges of the tube (approximately +10 or 
-10 ksi). 
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The residual stresses in TFG1 sections from welding the flanges to the web are 
studied in this research. Figure 3.39 shows the residual stress pattern from welding the 
flanges to the web that was considered. These residual stresses are estimated in two steps. 
In step 1, the heated region of the tube bottom wall (from welding) is assumed to be one-
quarter of the tube width and the tension residual stress is assumed to be the yield stress 
in this region. The compression residual stresses elsewhere in the tube are assumed to be 
uniform and are calculated so that the tube is in (force) equilibrium (i.e., no net force in 
the tube). The residual tension stresses in the web and bottom flange plate are assumed to 
be 25ksi, and residual compression stresses in the web plate and bottom flange plate are 
assumed to be 25ksi, with each plate in equilibrium. In step 2, the small net residual 
moment in the tube (from step 1) is overcome by adding a residual tension stress in the 
tube (producing a net tension force in the top flange) and adding a residual compression 
stress in the bottom flange (producing a net compression force in the bottom flange) 
which are added to the residual stresses from step 1. For the total section, the net force 
and net moment are zero. . 
Figure 3.40 and Figure 3.41 show the normalized load versus the vertical 
displacement at mid span of G2 from a curved two-TFG1 bridge (DB1) under the 
Constructibility limit state loading for the deck placement condition from nonlinear load-
displacement analyses made using Model-D1. The factored Constructibility limit state 
load is applied, and scaled up to the maximum load capacity in the analyses. The total 
load is normalized by the factored Constructibility limit state load.  
The results shown in Figure 3.40 and Figure 3.41 include four residual stress cases: 
(1) no residual stress, (2) the residual stress pattern from cold forming and cold bending 
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the tubular flanges (CFB) from Dong and Sause (2008b), (3) the welding residual stress 
pattern shown in Figure 3.39, (4) a combined residual stress pattern that combines the 
residual stresses from CFB with the welding residual stress pattern. The results show that 
each case has a similar maximum load capacity, and produces only a small increase in the 
vertical displacement response after the load reaches the factored Constructibility limit 
state load (when the normalized load equals 1.0).  Case (4) results in a response similar to 
case (3). Therefore, welding residual stresses are included in some of the FE model 
analyses presented in this research, and the CFB residual stress pattern is not included. In 
Chapter 9, stress-strain data obtained from the tensile coupons from the tubular flange are 
considered, which includes some effects due to cold forming the tube.   
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Figure 3.1 Simplified FE model(Model-S)  of individual curved girder 
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Figure 3.2 Simplified FE model (Model-S) of an assembled curved two-girder bridge 
system without a concrete deck 
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Figure 3.3 Simplified FE model (Model-S) of an assembled curved two-girder bridge 
system with a concrete deck 
 
 
 
Figure 3.4 Simplified FE model (Model-S) of an assembled curved three-girder bridge 
system without a concrete deck 
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Figure 3.5 Simplified FE model (Model-S) of an assembled curved three-girder bridge 
system with a concrete deck 
 
 
Figure 3.6 Simplified FE model (Model-S) of an assembled curved four-girder bridge 
system without a concrete deck 
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Figure 3.7 Simplified FE model (Model-S) of an assembled curved four-girder bridge 
system with a concrete deck 
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Figure 3.8 Connection types 
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Figure 3.9 Flange lateral bending moment (ML) along span of G1 from 2IG-3 without 
concrete deck under factored Constructibility limit state load for deck placement 
condition using Model-S 
 
 
 
Figure 3.10 Flange lateral bending moment (ML) along span of G2 from 2IG-3 without 
concrete deck under factored Constructibility limit state load for deck placement 
condition using Model-S 
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Figure 3.11 Detailed FE model (Model-D1) of individual curved TFG1  
 
 
 
Figure 3.12 Detailed FE model (Model-D1) of individual curved TFG2  
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Figure 3.13 Detailed FE model (Model-D1) of individual curved IG  
 
 
 
Figure 3.14 Detailed FE model (Model-D1) of an assembled curved two-TFG1 bridge 
system without a concrete deck 
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Figure 3.15 Detailed FE model (Model-D1) of an assembled curved two-TFG1 bridge 
system with a concrete deck  
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Figure 3.16 Detailed FE model (Model-D1) of an assembled curved three-TFG1 bridge 
system without a concrete deck 
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Figure 3.17 Detailed FE model (Model-D1) of an assembled curved three-TFG1 bridge 
system with a concrete deck 
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Figure 3.18 Detailed FE model (Model-D1) of an assembled curved three-TFG2 bridge 
system without a concrete deck 
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Figure 3.19 Detailed FE model (Model-D1) of an assembled curved three-TFG2 bridge 
system with a  concrete deck 
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Figure 3.20 Detailed FE model (Model-D1) of an assembled curved four-TFG1 bridge 
system without a concrete deck 
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Figure 3.21 Detailed FE model (Model-D1) of an assembled curved four-TFG1 bridge 
system with a concrete deck 
 
 
 
Figure 3.22 Detailed FE model (Model-D1) of an assembled curved two-IG bridge 
system without a concrete deck 
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Figure 3.23 Detailed FE model (Model-D1) of an assembled curved two-IG bridge 
system with a concrete deck 
 
 
 
Figure 3.24 Detailed FE model (Model-D1) of an assembled curved four-IG bridge 
system without a concrete deck 
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Figure 3.25 Detailed FE model (Model-D1) of an assembled curved four-IG bridge 
system with a concrete deck 
 
 
 
Figure 3.26 Stress-strain curves for concrete  
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Figure 3.27 Normalized load versus vertical displacement of G2 from a curved two-IG 
bridge system (2IG-3) for different sizes of beam elements modelling shear studs  
 
 
 
Figure 3.28 Normalized load versus vertical displacement of G2 from a curved two-
TFG1 bridge system (2TFG1-2) for different sizes of beam elements modelling shear 
studs  
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Figure 3.29 Normalized load versus vertical displacement of G2 from a curved two-IG 
bridge system (2IG-3) for different concrete models 
 
 
 
Figure 3.30 Normalized load versus vertical displacement of G2 from a curved two-
TFG1 bridge system (2TFG1-2) for different concrete models  
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Figure 3.31 Normalized load versus vertical displacement of G4 from a curved four-IG 
bridge system (4IG-3) for different concrete models 
 
 
 
Figure 3.32 Normalized load versus vertical displacement of G2 from a curved four-
TFG1 bridge system (4TFG1-1) for different concrete models 
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Figure 3.33 Flange lateral bending moment (ML) along span of G1 from a curved two-IG 
bridge system (2IG-3) without concrete deck under factored Constructibility limit state 
load for deck placement condition using Model-D1 
 
 
 
Figure 3.34 Flange lateral bending moment (ML) along span of G2 from a curved two-IG 
bridge system (2IG-3) without concrete deck under factored Constructibility limit state 
load for deck placement condition using Model-D1 
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Figure 3.35 Detailed FE model (Model-D2) without concrete deck 
 
 
 
Figure 3.36 Detailed FE model (Model-D3) without concrete deck 
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Figure 3.37 Boundary condition at west end of test specimen 
 
 
 
Figure 3.38 Residual stress pattern from cold forming and cold bending curved steel 
tubular flanges (from Dong and Sause, 2008b)  
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Figure 3.39 Residual stress pattern due to welding  
 
 
 
Figure 3.40 Normalized load versus vertical displacement at mid span of G2 for from a 
curved two-TFG1 bridge (DB1) under deck placement condition using Model-D1 
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Figure 3.41 Normalized load versus vertical displacement at mid span of G2 from a 
curved two-TFG1 bridge (DB1) under deck placement condition using Model-D1 (details 
at maximum load) 
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Chapter 4:   Design of Steel Horizontally Curved Bridge 
Girders with Tubular Top Flanges 
4.1  Introduction 
Analyses of curved I-shaped hollow tubular flange girders (TFGs) with two 
rectangular tubes (TFG2s), one for the top flange and one for the bottom flange (Figure 
4.1 (a)), were conducted by Dong and Sause (2008b). The results showed that curved 
TFG2s have advantages over the corresponding curved conventional I-girders (IGs) 
including: (1) individual TFG2s develop less vertical displacement, less cross section 
rotation, less warping normal stress, and less total normal stress than corresponding 
curved IGs under the same load; (2) an assembled curved TFG2 system develops smaller 
cross frame (or diaphragm) forces than a corresponding curved IG system; and (3) fewer 
cross frames (or diaphragms) are needed for an assembled curved TFG2 system than for a 
corresponding curved IG system. Dong and Sause (2008b) presented several examples of 
curved three-girder bridge systems with TFG2s (curved TFG2 bridge systems) designed 
according to the AASHTO LRFD Bridge Design Specifications (AASHTO, 2004). This 
work showed that the design criteria for curved steel highway bridges specified in 
AASHTO (2004) can be adapted and effectively used to safely design curved TFG2 
bridges.   
For curved TFG2 bridge systems, the tubular bottom flanges at the bearings require 
concrete infill or internal steel diaphragms to resist reaction forces and avoid local 
deformations of the tubular flanges. In addition, Dong and Sause (2008b) showed that for 
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some intermediate span bridges, a cover plate is needed on the tubular bottom flange to 
carry the required tension forces even when the largest available standard rectangular 
tube (HSS) is used. An improved TFG section that uses a tube as the top flange and a flat 
plate as the bottom flange of the I-shaped section (TFG1) is studied here, as shown in 
Figure 4.1 (b). The flat plate bottom flange eliminates the limitations associated with a 
tubular bottom flange, but the tubular top flange provides the TFG1 with sufficient 
torsional stiffness and strength.  
This chapter focuses on the design guidelines for curved TFG1 bridge systems. 
Existing design criteria for IGs in curved highway bridges are given in the 2010 
AASHTO LRFD Bridge Design Specifications (AASHTO, 2010). The application of 
these design criteria to curved TFG1 bridge systems is evaluated. Model-S and Model-
D1, discussed in Chapter 3, were used in the analyses. The behavior of curved TFG1 
bridge systems is compared with that of curved TFG2 bridge systems.  
Section 4.2 reviews the design criteria from the 2010 AASHTO LRFD Bridge 
Design Specifications (AASHTO, 2010). Three limit states are reviewed. Section 4.3 
describes the use of analysis results from Model-S to design curved two-girder, three-
girder, and four-girder bridge systems with TFG1s. Model-D1 was used to validate that 
the girders of each bridge have the intended behavior with respect to the design criteria 
for each limit state. Section 4.4 compares the behavior between curved TFG1 bridge 
systems and curved TFG2 bridge systems. The behavior of individual girders under their 
own weight was investigated for different girder sections. Vertical displacements, cross 
section rotations, warping normal stresses for girders with different curvature ratios (L/R, 
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where, L is the centerline length of a bridge, and R is the curvature radius) were 
determined and compared. In addition, three three-girder bridges with TFG2s, which 
have cover plates on the bottom flanges and were designed previously by Dong and 
Sause (2008b), were updated and compared with corresponding curved three-girder 
bridges with TFG1s. The comparisons between them consider the flange lateral bending 
moment, vertical displacement, cross section rotation, and maximum load capacity of the 
bridge systems without and with a concrete deck.  
In a curved two-girder bridge system (see Figure 3.2 and Figure 3.14 in Chapter 3), 
G1 denotes the girder on the inside of the curve, and G2 denotes the girder on the outside 
of the curve. In a curved three-girder bridge system (see Figure 3.4 and in Chapter 3), G1 
denotes the girder on the inside of the curve, G3 denotes the girder on the outside of the 
curve, and G2 denotes the interior girder. In a curved four-girder bridge system (see 
Figure 3.6 and Figure 3.20 in Chapter 3), G1 denotes the inside girder, G4 denotes the 
outside girder, G2 denotes the interior girder adjacent to G1, and G3 denotes the interior 
girder adjacent to G4. 
4.2  Design Criteria 
Design criteria for curved highway bridges are specified in the AASHTO LRFD 
Bridge Design Specifications (AASHTO, 2004 and AASHTO, 2010). According to the 
specifications, the behavior of bridge structural components must be investigated for all 
possible loading conditions which include: (1) construction conditions, such as handling, 
transportation, erection, and concrete deck construction (deck placement); and (2) 
conditions during the service life of the bridge.  
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4.2.1  Limit states 
Three limits states from AASHTO (2004) are considered in the design criteria for 
curved TFG2 bridges by Dong and Sause (2008b). These same limit states (AASHTO, 
2010) are also considered here: 
(1) Constructibility limit states, considered for both a single girder during girder 
erection and multiple girders with attached cross frames under the deck 
placement condition;     
(2) Service II limit state; 
(3) Strength I limit state. 
4.2.2  Design loads 
The design of a curved TFG1 bridge should consider various dead loads and live 
loads. The dead loads include the weight of all components of the bridge, including 
girders, stiffeners, cross frames (or diaphragms), tube end diaphragms, deck forms, 
concrete deck, wearing surface on the deck, and the attached appurtenances (barriers, 
railings, lights, etc.). The live loads include the construction live loads, and the in-service 
live loads including the lane load and truck load, defined in AASHTO (2010). 
The dead loads are categorized into two categories:  
(1) The weight of the structure components and attachments (DC), including the 
steel girder weight (SW), an 8 inch thick concrete deck, a concrete haunch with 
3 inch depth, stay-in-place deck forms, and other steel components (cross 
frames, stiffeners, tube end diaphragms, etc.); 
(2) The weight of future wearing surfaces and utilities (barriers, railings, lights, 
 64 
 
etc.) (DW). 
For the cases studied, DC includes the self weight of steel girders (SW) with a unit 
weight of 490 lbs/ft3; an 8 inch thick concrete deck with a unit weight of 150 lbs/ft3; a 
concrete haunch with 3 inch depth; stay-in-place deck forms with a weight of 16 lbs/ft2, 
and cross frames with a unit weight of 490 lbs/ft3. DW includes a wearing surface with a 
weight of 30 lbs/ft2; and the superimposed dead load of the barriers, each with an 
estimated weight of 275 lbs/ft;  
Live loads are categorized into two categories: 
(1) The construction live loads (LLC), based on the Guide Design Specifications 
for Bridge Temporary Works (AASHTO, 1995), are represented by a uniform 
load of 20 lbs/ft
2
 on the bridge deck area; 
(2) The truck load and lane load (LL), which according to AASHTO (2010), are 
based on a 12 ft wide lane. The design lane load is 640 lbs/ft
2
 and is applied 
over a 10 ft. width within the lane. The HS-20 truck is shown in Figure 4.2. 
The design truck load includes three axle loads with weights of 8 kip, 32 kip, 
and 32 kip, respectively. The spacing between the two 32 kip axles is varied 
from 14 ft to 30 ft to produce the maximum load effects. For a simply 
supported bridge, the spacing of 14 ft is used to produce the maximum load 
effects. The transverse spacing of the wheels is 6 ft. The static load effects of 
the design truck load are increased by 33% as a dynamic load allowance 
(AASHTO, 2010). The load effects from the design lane load are not subject to 
the dynamic load allowance. A multiple presence factor is applied to the live 
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loads, which is 1.2 when one lane of the bridge is loaded, and 1.0 when two 
lanes of the bridge are loaded. 
The arrangement of the live load is varied over the bridge deck to produce the 
maximum load effect on each girder. 
For the single design lane used for the two-girder bridge systems, there are two 
critical locations for the design truck load and lane load. For critical location A for G2, as 
shown in Figure 4.3 (a), the truck is located closest to the outside edge of the design lane, 
which is the inside edge of the outer curb. The design lane load is uniformly distributed 
over the 10 ft radial width closest to outside edge of the design lane. For critical location 
B for G1, as shown in Figure 4.3 (b), the truck is located closest to the inside edge of the 
design lane, which is the outside edge of the inner curb. The design lane load is uniformly 
distributed over the 10 ft radial width closest to the inside edge of the design lane. 
For the three-girder bridge systems, two design lanes are considered, and four critical 
locations are discussed. For critical location A for G3, as shown in Figure 4.4 (a), in 
design lane I, the truck load is located closest to the outside edge of design lane I, and the 
lane load is uniformly distributed over the 10 ft radial width closest to the outside edge of 
design lane I. For critical location B for G2, as shown in Figure 4.4 (b), in design lane I, 
the truck load is located closest to the inside edge of design lane I, and the lane load is 
uniformly distributed over the 10 ft radial width closest to the inside edge of design lane 
I. For critical location C for G2, as shown in Figure 4.4 (c), in design lane II, the truck 
load is located closest to the outside edge of design lane II, and the lane load is uniformly 
distributed over the 10 ft radial width closest to the outside edge of design lane II. For 
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critical location D for G1, as shown Figure 4.4 (d), in design lane II, the truck load is 
located closest to the inside edge of design lane II, and the lane load is uniformly 
distributed over the 10 ft radial width closest to the inside edge of the design lane II.  
For the two design lanes considered for the four-girder bridge systems, the critical 
locations are similar to those of the three-girder system, as shown in Figure 4.5. The 
difference is that design lane I and design lane II are moved across the deck within the 28 
ft deck width to produce the maximum load effect on each girder. 
For the bridge systems with two design lanes, two conditions are considered as 
follows: (1) one lane loaded with a multiple presence factor of 1.2 for either design lane I 
or design lane II; and (2) two lanes loaded with a multiple presence factor of 1.0. When 
two lanes are loaded, the critical locations are used which produce the maximum load 
effect.  For example, to produce maximum load effect on G2 for a curved three-girder 
bridge system with two lanes loaded, critical locations B and C are used. 
4.2.3  Load combinations 
The load combinations with load factors are shown in Table 4.1 and Table 4.2. Table 
4.1 shows the Constructibility load combinations and load factors. For the 
Constructibility limit state for the deck placement condition, the load combination 
includes the effect of the factored dead load (DC) and the factored construction live loads 
(LLC). For the Constructibility limit state for the girder erection condition, two load 
combinations are considered, including: (1) only the factored girder weight (SW), and (2) 
the factored girder weight (SW) and the factored wind load (WL). Table 4.2 shows the load 
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combination and load factor for the Service II limit state and Strength I limit state. For 
the Service II limit state and Strength I limit state, the factored dead loads (DC and DW) 
are included along with the factored live loads (LL), which are applied to those locations 
on a bridge which produce the largest demand for each girder. 
4.2.4  Design criteria 
The three limit states are discussed in the following: 
4.2.4.1 Constructibility limit state 
According to AASHTO (2010), both of the following girder compression flange 
stress criteria must be satisfied for the critical stages of construction (i.e., 
Constructibility): 
𝑓𝑏𝑢+𝑓𝑙 ≤  𝜙𝑓𝑅ℎ𝐹𝑦𝑐                                                                                                   (4.1) 
𝑓𝑏𝑢 +
1
3
𝑓𝑙 ≤  𝜙𝑓𝐹𝑛𝑐                                                                                                     (4.2) 
where,  
fbu = flange stress from the primary bending moment (i.e., about the major-axis of the 
cross section) 
fl  = flange stress from the flange lateral bending moment (i.e., warping normal stress) 
Fyc  = specified minimum yield stress of the compression flange steel 
Fnc = nominal flexural resistance of the compression flange based on the local buckling or 
lateral torsional buckling resistance of the flange 
𝜙𝑓 = resistance factor for flexure 
 
Rh  = hybrid factor, which is equal to 1 
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The following girder tension flange stress criteria must be satisfied for the critical 
stages of construction: 
𝑓𝑏𝑢+𝑓𝑙 ≤  𝜙𝑓𝑅ℎ𝐹𝑦𝑡                                                                                                   (4.3) 
where,  
Fyt = specified minimum yield stress of the tension flange steel 
Equation 4.1 requires that the maximum combined stress in the compression flange 
does not exceed the minimum yield stress of the flange steel, which is a yield limit state 
check. Equation 4.3 is similar for the tension flange. Equation 4.2 requires that the 
member has sufficient strength with respect to flange local buckling and member lateral 
torsional buckling limit states. 
4.2.4.2 Service II limit state  
To prevent objectionable permanent deflections (Service II limit state) from dead 
loads plus large live loads that are expected to occur numerous times during the service 
life of the bridge, AASHTO (2010) uses three equations to limit the flexural stresses in 
steel girder flanges: 
For the top steel flange of composite sections (i.e., girder is composite with a 
concrete deck): 
 𝑓𝑓 ≤  0.95𝑅ℎ𝐹𝑦𝑓                                                                                                          (4.4) 
For the bottom steel flange of composite sections: 
𝑓𝑓 +
𝑓𝑙
2
≤  0.95𝑅ℎ𝐹𝑦𝑓                                                                                                  (4.5) 
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For both steel flanges of non-composite sections: 
𝑓𝑓 +
𝑓𝑙
2
≤  0.80𝑅ℎ𝐹𝑦𝑓                                                                                                  (4.6) 
where,  
𝑓𝑓 = flange stress from primary bending due to the Service II loads calculated without 
consideration of flange lateral bending 
𝑓𝑙 = flange lateral bending stress due to the Service II loads  
𝐹𝑦𝑓 = specified minimum yield stress of the flange steel 
4.2.4.3 Strength I limit state  
To ensure that adequate strength and stability are provided to resist the maximum 
loads expected during the normal use of the bridge, AASHTO (2010) requires composite 
sections in positive flexure to satisfy the following criteria for the Strength I limit state: 
𝑀𝑢 +
1
3
𝑓𝑙𝑆𝑥𝑡 ≤  𝜙𝑓𝑀𝑛                                                          (4.7) 
where,  
𝑀𝑢  = primary bending moment about the major-axis of the cross section due to the 
Strength I loads 
𝑓𝑙 =  flange lateral bending stress due to the Strength I loads 
𝑆𝑥𝑡 = elastic section modulus for the tension flange about the major axis of the section 
𝑀𝑛 = nominal flexural strength of the section 
The above AASHTO (2010) design criteria consider only the flange normal stresses 
and do not consider tubular flange shear stresses. Results presented by Dong and Sause 
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(2008b) show that the shear stresses in the tubular flange do not have a significant 
contribution at critical cross sections to the total stresses as evaluated using the Von 
Mises stress combination. For curved TFG1 bridge systems, the effect of the shear stress 
in the tubular flange is discussed in Section 4.3.2. 
4.3  Design of Curved TFG1 Bridge Systems  
Simplified FE Model-S, which is discussed in Section 3.1, was used to design the 
curved TFG1 bridge systems. Three types of example bridge systems were designed and 
analyzed, including curved two-girder, three-girder, and four-girder bridge systems.  
Model-D1, discussed in Section 3.2, was used to validate Model-S and the bridges 
designed using results from Model-S. To conduct this validation, Model-D1 was used in 
nonlinear load-displacement analyses (including second order effects) to study the 
response of the example bridge systems with and without a composite deck. The 
modified Riks method in Abaqus was used for these analyses.  
Eight curved TFG1 bridges were designed as follows: (1) cross sections for each 
bridge were chosen based on cross section proportion limits in AASHTO (2010) and the 
available sizes of tubes and available plate thicknesses listed the American Institute of 
Steel Construction (AISC) Steel Construction Manual (AISC, 2005); (2) Model-S was 
used to determine the design demands under the limit state load combinations, and the 
design criteria were checked (if the criteria were not satisfied, the cross section 
dimensions are re-chosen as in step (1)); and (3) after the cross sections of the girders 
were determined, Model-D1 was used to verify that the girders of each bridge have the 
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intended behavior with respect to the design criteria for each limit state. 
4.3.1  Cross section dimensions 
After consulting with practicing bridge engineers, it was decided that the girder 
section depth for each bridge girder would be at least L/24 (where, L is the centerline 
length of a bridge). The tubular flanges are selected from available standard rectangular 
tubes (hollow structural shapes, or HSS) satisfying ASTM A500 grade C as listed in 
AISC (2005). 
According to the Guidelines for Design for Constructibility (AASHTO/NSBA, 
2003), the minimum thickness for a stiffener is 7/16 inch, ½ inch is preferred; the 
minimum thickness of a web is 7/16 inch, ½ inch is preferred; the minimum thickness of 
a flange is ¾ inch. The increment of flange thickness is 1/8 inch for flanges up to 2 ½ 
inch thickness, and ¼ inch for flanges over 2 ½ inch. These guidelines were adopted.  
The dimensions of the top and bottom flanges were often controlled by the stress 
limits from the design criteria. However, the dimensions of the inside girder of the 
example bridge systems were sometimes controlled by the cross section proportion limits 
of AASHTO (2010). 
According to AASHTO (2010) Article 6.10.2.2, compression and tension flanges 
should be proportioned as follows: 
𝑏𝑓
2𝑡𝑓
≤ 12  (plate flanges only)        (4.8) 
𝑏𝑓 ≥ 𝐷/6                                                                                                             (4.9) 
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𝑡𝑓 ≥ 1.1𝑡𝑤 (plate flanges only)                (4.10) 
0.1 ≤
𝐼𝑦𝑐
𝐼𝑦𝑡
≤ 10                                                                                                     (4.11) 
where, 
𝑏𝑓 = flange width 
𝑡𝑓 = flange thickness 
D = web depth 
𝑡𝑤 = web thickness 
𝐼𝑦𝑐 = moment of inertia of the compression flange of the steel section about the vertical 
axis in the plane of the web 
𝐼𝑦𝑡 = moment of inertia of the tension flange of the steel section about the vertical axis in 
the plane of the web 
In addition, to avoid the need to consider local buckling in determining the TFG1 
cross section flexural capacity (e.g., see Equation 4.2), the tubular top flanges were 
selected to satisfy the criterion of AASHTO (2010) Article 6.9.4.2, which requires that a 
uniformly compressed tube develops the yield stress in compression before the onset of 
local buckling by controlling the maximum slenderness of a rectangular tube as follows: 
𝑏
𝑡
≤ 1.7√
𝐸
𝐹𝑦
                                                                            (4.12) 
where, 
𝑏 = tube width 
𝑡 = nominal tube wall thickness 
E =Young’s modulus 
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Fy = yield stress of tube  
The dimensions of the webs of the example bridge girders satisfy the AASHTO 
(2010) Article 6.10.6.2 criterion for the slenderness of a non-compact web:  
 
2𝐷𝑐
𝑡𝑤
≤ 5.7√
𝐸
𝐹𝑦𝑐
                                                                        (4.13)  
where,  
𝐷𝑐 = depth of the web in compression in the linear elastic range of behavior 
The dimensions of the webs of the TFG1s satisfy the web slenderness requirement 
proposed by Kim (2005a) for TFGs: 
 
𝐷𝑤
𝑡𝑤
≤ 11(
𝐸
𝐹𝑦𝑐
)
1
3                                                                                                     (4.14) 
The cross section dimensions of each girder were selected to satisfy the above 
requirements. 
For cross frames or diaphragms, according to AASHTO (2010) Articles 6.7.4 and 
6.13, the minimum depth should be at least 0.75 of the girder depth for plate girders; for 
curved bridges, cross frames should contain diagonals, and top and bottom chords. For 
TFG1s with a section depth less than or equal to 54 inch, diaphragms are used instead of 
cross frames.   
4.3.2  Design of curved TFG1 bridges 
The design process includes following steps:  
(1) Arbitrary cross sections for each girder are chosen. A smaller cross section is 
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used for the inside girder and a larger cross section is used for the outside 
girder. The arbitrary cross section dimensions should meet the requirements in 
Section 4.3.1.  
(2) Model-S is developed to determine the load effects on the girders for each 
bridge under the load combination for each limit state. The cross sections 
dimensions are adjusted to satisfy the design criteria described in Section 4.2.4. 
(3) After the cross sections are determined, Model-D1 is used to verify that the 
girders have the intended behavior with respect to the criteria each limit state. 
Eight curved example TFG1 bridges were designed, as shown in Table 4.3. The 
centerline length of each bridge varies from 90 ft to 150 ft with the L/R ratio varying 
from 0.2 to 0.45. For the curved two-girder bridge systems, the girders are spaced at 12 ft 
with a 45 inch overhang. For the curved three-girder bridge systems, the girders are 
spaced at 10 ft. For the curved four-girder bridge systems, the girders are spaced at 8 ft. 
Each girder has nine stiffeners equally spaced along the span, and has a tube end 
diaphragm at each girder end. Three interior cross frames (or diaphragms) and two end 
cross frames are used for each example bridge.    
ASTM A709 grade 50 steel was used for the plates of the girders and ASTM A500 
grade C HSS sections were used for the tubes. Table 4.3 presents cross section 
dimensions for these eight example bridges. The minimum specified yield stress for these 
steels is 50 ksi. The compression strength of the concrete deck is 4.5 ksi. To design the 
example bridges for the Constructibility limit state, where Model-S does not include a 
concrete deck, the flange bending moment (ML) was obtained directly from the beam 
elements used to model the flanges. The primary bending moment of the section was 
 75 
 
obtained by summing three terms: (1) the moment carried by the web, obtained by 
integrating the stress on the web about the neutral axis, (2) the moment about the neutral 
axial due to axial forces in the beam elements used to model the flanges, and (3) the 
primary bending moments in the beam elements used to model the flanges. To design the 
example bridges for the Service II and Strength I limit states, where Model-S includes a 
concrete deck, the bottom flange lateral bending moment was obtained directly from the 
flange beam elements, and the primary bending moment was calculated about the 
centerline of the concrete deck.  
For evaluating the example bridge systems without a concrete deck using the results 
from Model-D1, the lateral bending moment in the flanges was obtained by integrating 
the stresses on the top flange or the bottom flange about the minor (vertical) axis of the 
flange. The primary bending moment was obtained by integrating the stress on the cross 
section about the neutral axis. For evaluating bridge systems with a concrete using the 
results from Model-D1, the primary bending moment integration was about the centerline 
of the concrete deck. 
For these example bridges, the validation of Model-S used to design the bridge is 
discussed first. Then the results from checking the design criteria are discussed in Section 
4.3.2.2 through 4.3.2.6. 
4.3.2.1 Validation of simplified FE models 
Dong and Sause (2008b) validated Model-S for curved TFG2s using results from 
Model-D1. The validation used results for individual girders and assembled girder 
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systems with and without a concrete deck. In each case, the reference load was weight of 
the bridge components. In this section, results from Model-D1 are used to validate 
Model-S for load conditions corresponding to the three limit states considered in the 
design process.  
Individual girder model 
Three individual girders, including G2 from example bridge DB1, G3 from DB3, and 
G4 from DB6, are used to validate Model-S for individual girder response. The cross 
section dimensions are shown in Table 4.3. The girder weight is applied to each model to 
simulate the loading during erection. 
Figure 4.6 through Figure 4.8 show the vertical displacement (U3) along the span of 
each girder from Model-S (simplified FE model) and Model-D1 (detailed FE model). The 
models give similar results. At mid span, the vertical displacement from Model-S is 
smaller than that from Model-D1, but the difference is less than 5%. Detailed studies of 
the deformation results from Model-D1 showed that the reason for this difference is that 
Model-D1 includes distortion of the tubular flange (while Model-S does not), as shown 
previously by Dong and Sause (2008b). 
The cross section rotations are compared in Figure 4.9 through Figure 4.11. Model-
D1 has larger cross section rotations than Model-S. The differences are less than 10% 
(the largest difference occurs at mid span), and are due to the tubular flange distortion 
included in Model-D1. 
Figure 4.12 through Figure 4.14 show flange lateral bending moment in the top 
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flange along the span of each girder from Model-S and Model-D1. Model-D1 has slightly 
larger flange lateral bending moment than Model-S, but the differences are less than 8%. 
The flange lateral bending moment from Model-D1 is shifted in the positive direction 
(for the top flange) when compared with that from Model-S, because the Model-D1 
results show more significant second order effects (discussed in Section 5.5) than the 
Model-S results. The comparisons observed for flange lateral bending moment in the 
bottom flange along the span of each girder are similar, as shown in Figure 4.15 through 
Figure 4.17. 
Nonlinear load-displacement analyses of the individual girders were conducted using 
Model-S and Model-D1. A uniformly distributed load was applied and factored up to the 
maximum load capacity. The nonlinear load-displacement behavior and the associated 
maximum load capacity for the individual girders are compared in Figure 4.18 through 
Figure 4.20. In these figures, the total load is normalized by the girder weight (when the 
normalized load equals 1.0, the load equals the girder weight). These figures show that in 
the elastic range, Model-D1 and Model-S have similar results. Model-D1 has a smaller 
maximum load capacity than that of Model-S.  
Table 4.4 shows the maximum primary bending moment at mid span for each girder 
under its own weight. Both Model-D1 and Model-S have similar results.  
Models of assembled girder systems without concrete deck under deck placement 
condition 
Three example bridges were analyzed to validate the simplified FE models (Model-
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S), including example bridge DB1, DB3, and DB6. For these analyses, the concrete deck 
was not included in the models to simulate conditions during construction of the concrete 
deck. The factored Constructibility limit state load is applied.  
Figure 4.21 through Figure 4.23 show the vertical displacement along the span of the 
outside girder under the Constructiblility limit state load for each example bridge from 
Model-S and Model-D1. For DB1 (Figure 4.21), there are obvious differences between 
Model-D1 and Model-S, but the differences are less than 6%. For DB3 and DB6, the 
differences between the results from Model-D1 and Model-S are smaller than 3%. DB1 
has only two girders, and the distortion of the tubular flanges appears to have a more 
significant effect.   
Figure 4.24 through Figure 4.26 show the cross section rotation along the span of the 
outside girder from each example bridge under the factored Constructibility limit state 
load. The results show that Model-D1 has larger cross section rotation than Model-S. The 
reason is the tubular flange distortion, which is included in Model-D1, but is not included 
in Model-S. 
The flange lateral bending moment in the top flange of the outside girder of each 
example bridge is shown in Figure 4.27 through Figure 4.29. The flange lateral bending 
moment from Model-D1 is larger than that from Model-S at the locations mid way 
between adjacent cross frames and at the locations of the cross frames. The reason is the 
tubular flange distortion included in Model-D1. The primary bending moment for the 
outside girder at mid span is shown in Table 4.5; Model-S and Model-D1 have similar 
results. If the design criteria were checked using the results from Model-D1, the design of 
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these bridges my not satisfy the criteria since the flange lateral bending moment is larger 
from Model-D1 than from Model-S. Figure 4.30 through Figure 4.32 show the stress 
contour at mid span of the outside girder. The stress concentration occurs at the corner of 
the tubular flange connected to the stiffeners. The normal stresses in other locations are 
lower than the yield stress, so overall yielding of the mid span cross section did not occur. 
Figure 4.33 through Figure 4.35 present the normalized load versus vertical 
displacement at mid span of the outside girder for each example bridge from nonlinear 
load-displacement analysis. The factored Constructibility limit state load is applied, and 
scaled up to the maximum load capacity in these FE analyses. The total load is 
normalized by the factored Constructibility limit state load. Model-D1 has a smaller 
maximum load capacity than Model-S, and the maximum difference is 16% for example 
bridge DB6. The results from both models show that the bridge has a significant margin 
of safety for the Constructibility limit state. The results from Model-S are close to those 
from Model-D1 before the load reaches the factored Constructibility limit state load, 
which is within the load range (up to significant yielding of the section) for which Model-
S is intended to be used. 
Models of assembled girder system with concrete deck 
Figure 4.36 through Figure 4.38 present the vertical displacement along the span of 
the outside girder from Model-S and Model-D1 under the factored Service II limit state 
load. Under service conditions, the girders are composite with the concrete deck. For 
DB1, the difference between the results from Model-S and Model-D1 are less than 7%. 
For DB3 and DB6, the differences between the results from Model-D1 and Model-S are 
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smaller than 5%. Model-D1 has larger cross section rotations than Model-S between 
adjacent cross frames as shown in Figures 4.39 through 4.41.  
For the Service II limit state, the stress in the bottom flange is critical. The flange 
lateral bending moment distribution along the bottom flange of the outside girder is 
shown in Figure 4.42 through Figure 4.44. Model-D1 has larger flange lateral bending 
moment at the locations mid way between adjacent cross frames locations and at the 
locations of the cross frames. The differences at the mid span cross section are not small 
(approximately 21% for DB3). Equation 4.5 shows that the flange lateral bending stress 
(i.e., the warping normal stress) due to the flange lateral bending moment is factored by 
½ in the design criteria. Also the stress due to flange lateral bending moment is small 
compared to the primary bending stress (for example, fl=10.42 ksi, ff= 40.38 ksi at mid 
span of G3 from DB3 from Model-S). The difference in the flange lateral bending 
moment for the bottom flange is therefore considered to be acceptable. The maximum 
primary bending moments for each bridge under the factored Service II limit state load 
are shown in Table 4.6, and the two models have similar results.  
Figure 4.45 through Figure 4.47 show the load versus vertical displacement at mid 
span of the outside girder for each example bridge from nonlinear load-displacement 
analysis with the bridge under service conditions (with a composite concrete deck). The 
factored Service II limit state load is applied, and scaled up to the maximum load 
capacity in these FE analyses. The maximum load capacity from Model-D1 is smaller 
than that from Model-S. However, up to the factored Service II limit state load (the load 
range for which Model-S should be accurate), Model-D1 and Model-S give similar load-
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displacement response. 
Figure 4.48 through Figure 4.50 show the load versus vertical displacement at mid 
span of the outside girder for each bridge from nonlinear load-displacement analysis. The 
factored Strength I limit state load is applied, and scaled up to the maximum load 
capacity in the FE analyses. The differences between the result from Model-D1 and 
Model-S are small. 
The results given above show that Model-S has sufficient accuracy, relative to 
Model-D1, to be used to design curved tubular girder bridges. 
4.3.2.2 Application of the design criteria to curved TFG1 bridges 
The current design criteria in AASHTO (2010) only consider the flexural stress in I-
girder flange for the different limit states. Dong and Sause (2008b) analyzed the effects of 
the shear stress on the initiation of yielding and on the maximum load capacity of TFG2s, 
and this work shows that the shear stress in a tubular flange does not contribute 
significantly to the Von Mises stress at the critical sections. For a curved TFG1 bridge 
under vertical loads, the shear stresses in the tubular flange include warping shear, St. 
Venant shear, and vertical shear stresses. To validate the design criteria which neglect the 
flange shear stress, the effect of the shear stress in the tubular flange of a TFG1 should be 
assessed to determine whether shear stress should be included in the design criteria. 
The Von Mises yield criterion was used to determine the significance of the shear 
stresses in the tube. According to this yield criterion, yielding occurs when the distortion 
energy per unit volume in a state of combined stress becomes equal to that associated 
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with yielding under tension. Von Mises yield criterion is expressed by Equation 4.15.    
(𝜎𝑥 − 𝜎𝑦)
2 + (𝜎𝑦 − 𝜎𝑧)
2 + (𝜎𝑧 − 𝜎𝑥)
2 + 6(𝜏𝑥𝑦
2 + 𝜏𝑦𝑧
2 + 𝜏𝑧𝑥
2 ) = 2𝜎𝑦𝑝
2                 (4.15)                                               
where,  
 𝜎𝑥,  𝜎𝑦, and 𝜎𝑧 =  stress normal to the x, y, and z planes, respectively 
 𝜏𝑥𝑦,  𝜏𝑦𝑧, and 𝜏𝑧𝑥=  shear stress in the xy, yz, and xz planes, respectively 
 𝜎𝑦𝑝 =  yield stress in tension  
For the plane stress condition with , Equation 4.15 becomes: 
√𝜎𝑥2 + 3𝜏𝑥𝑦2 = 𝜎𝑦𝑝                                                                                           (4.16) 
The left side of Equation 4.15 and Equation 4.16 is known as the Von Mises stress 
which is comparable to the yield stress in Equation 4.16. When the shear stress is small, 
the Von Mises stress is approximately equal to the normal stress 𝜎𝑥. 
The total load acting on a TFG1 bridge system just before the onset of yielding is 
defined as PFBY. The load corresponding to the maximum load capacity is defined as PFU. 
Figure 4.51 through Figure 4.71 show the results for the normal stress, shear stress, and 
Von Mises stress on the mid surface of the tubular flange under PFBY and PFU. Figure 4.51 
through Figure 4.56 show the results for G2 from DB1 without a concrete deck under the 
deck placement condition. Figure 4.57 through Figure 4.62 show the results for G3 from 
DB3 without a concrete deck under the deck placement condition. Figure 4.63 through 
Figure 4.68 show the results for G4 from DB6 without a concrete deck under the deck 
placement condition. Figure 4.69 through Figure 4.77 show these stresses for these 
girders from DB1, DB3, and DB6 with a concrete deck. The stiffeners at mid span, 
0 xzyzzy 
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quarter span and the end are not shown in the figures.  
In the FE models, the orientations of the top wall of the tubular flange, the bottom 
wall of the tubular flange, and bottom flange are the same, and S22 is the axially directed 
normal stress (primary bending stress and flange lateral bending (warping) stress). The 
orientations of the web and the side walls of the tubular flange are the same, and S11 is 
the axially directed normal stress (not shown in some cases because it is not the 
maximum normal stress).  
For G2 from DB1 under PFBY, as shown in Figure 4.51 through Figure 4.53 for 
different sections within the span, the magnitude of the maximum normal stress (47.6 ksi 
at mid span, 39.7 ksi near mid span, and 36.4 ksi at quarter span) is close to the Von 
Mises stress (48.9 ksi at mid span, 39.7 ksi near mid span, and 38 ksi at quarter span). 
The corresponding shear stress is small (3 ksi at mid span, 0.6 ksi near mid span, and 5.0 
ksi at quarter span). For the section adjacent to the end of G2 from DB1, as shown in 
Figure 4.54, the shear stress is more significant than the normal stress since the shear 
force is largest at the bearings. For a cross section which has stiffeners, such as the cross 
sections at the mid span and quarter span, the stiffeners partially restrain the distortion of 
tube. The maximum normal stress occurs at the corner of the tubular flange, where it is 
connected to the stiffeners, as shown in Figure 4.51. But for a cross section away from 
these locations, as shown in Figure 4.52, the maximum normal stress occurs at the top 
corner, which is also a location of maximum primary bending stress.  
For G2 from DB1 under PFU, as shown in Figure 4.55, the magnitude of the 
maximum normal stress at mid span (51.6 ksi in bottom plate flange and 51.4 ksi 
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maximum in the tubular flange is close to the Von Mises stress (50 ksi). The 
corresponding shear stress (2.0 ksi in the bottom plate flange, 7.5 ksi maximum in the 
tubular flange) is small. Here the maximum normal stress exceeds 50 ksi since a normal 
stress in the perpendicular (radial) direction exists and is included in Equation 4.15 to 
determine the Von Mises stress. The normal stress is induced by the Poisson effect in the 
flange which is constrained in the perpendicular (radial) direction by the stiffeners. For a 
cross section away from the stiffeners, as shown in Figure 4.56, the normal stresses are 
close to 50 ksi. 
For G3 from DB3 under PFBY, as shown in Figure 4.57 through Figure 4.60, the 
magnitude of the maximum normal stress (45.4 ksi at mid span, 41.2 ksi near mid span, 
and 34.3 ksi at quarter span) is close to the Von Mises stress (45.4 ksi, 41.1 ksi, and 34.8 
ksi). The corresponding shear stress (2.0 ksi, 0.6 ksi and 4.6 ksi, respectively) is small. 
For the cross section adjacent to the end where the largest shear force exists, the shear 
stress contributes more to the Von Mises stress, as shown in Figure 4.60.  
For G3 from DB3 under PFU, as shown in Figure 4.61 and Figure 4.62, the 
magnitude of the maximum normal stress (54.2 ksi at mid span and 50.1 ksi near mid 
span) is close to the Von Mises stress (50 ksi). The corresponding shear stress (3.0 ksi at 
mid span, 1.5 ksi near mid span) is small. The maximum normal stress near mid span is 
over 50 ksi since a normal stress in the perpendicular direction is induced by the Poisson 
effect in the flange which is constrained by the stiffeners. 
For G4 from DB6 under PFBY,  as shown from Figure 4.63 to Figure 4.65, the 
magnitude of the maximum normal stress (46.8 ksi at mid span, 34.5 ksi near mid span, 
 85 
 
34.7 ksi at quarter span) is close to the Von Mises stress (47.6 ksi, 34.5 ksi and 35.5 ksi 
respectively). The corresponding shear stress (around 2.7 ksi at mid span, 0.7 ksi near 
mid span, and 3.3 ksi at quarter span) is small. For the cross section adjacent to the end, 
as shown in Figure 4.66, the shear stress is larger than normal stress since the shear force 
is largest at the bearings.  
For G4 from DB6 under PFU, as shown in Figure 4.67, the magnitude of the 
maximum normal stress (55.3 ksi at mid span and 49.9 ksi near mid span) is close to the 
Von Mises stress (50 ksi). The corresponding shear stress (6.1 ksi maximum at mid span 
and 3.8 ksi near mid span) is small. Again, at mid span, the maximum normal stress is 
over 50 ksi since a normal stress in the perpendicular direction is induced by the Poisson 
effect in the tubular flange which is constrained by the stiffeners. For a cross section 
away from the stiffeners, as shown in Figure 4.68, the normal stress in the perpendicular 
direction is very small. 
Figure 4.69 through Figure 4.77 show the results for the normal stress, shear stress, 
and Von Mises stress on the mid surface of the bottom flange under PFBY and PFU for 
bridge systems with a concrete deck. For the bridge systems with a concrete deck, the 
bottom flange yields first. The results show that the normal stress dominates the Von 
Mises stress, and shear stress is small and contributes little. 
 The results given above show that large shear stresses exist in small regions such as 
the intersection of the web and flange or the web and stiffeners.  At the critical sections, 
most regions in the flanges with large Von Mises stresses have large normal stresses and 
small shear stresses. The shear stresses in the tubular top flange and bottom flange do not 
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contribute significantly to the Von Mises stresses. Therefore, the shear stresses in the 
flanges can be neglected in design, and only the normal stress is included in the design 
criteria for the flange stresses. 
4.3.2.3 Constructibility limit state (deck placement condition) 
 The eight example bridges were designed with three interior cross frames (or 
diaphragms) installed within the span as well as end cross frames (or diaphragms) at the 
bearings. When determining the lateral torsional buckling resistance, the unbraced length 
is taken as one-quarter of the total length of the girder. Table 4.7 shows the top (tubular) 
flange stress results used to check the design criteria for the assembled bridge girder 
system under the factored Constructibility limit state load for the deck placement 
condition. The results show that each bridge design satisfies the design criteria. The 
construction limit load (PCL) for each bridge is summarized in Table 4.8. The PCL is equal 
to the minimum total load at which the stress demand from Model-S makes the left side 
of Equation 4.1 equal to the right side, normalized by the factored Constructibility limit 
state load. PCL of each bridge is controlled by the capacity of the outside girder. Since the 
lateral torsional buckling resistance of each bridge girder is large enough, PCL for each 
bridge is determined by Equation 4.1 instead of Equation 4.2. Also, Equation 4.3 does not 
control PCL. For all example bridges, normalized PCL is 2% to 12% larger than 1.0, which 
indicates that each example bridge was designed with a small additional strength margin 
of safety. 
Figure 4.78 through Figure 4.85 show the normalized load versus the vertical 
displacement at mid span of the outside girder from Model-D1 for each bridge. These 
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results are from nonlinear load-displacement analysis of the example bridges for the deck 
placement condition. The factored Constructibility limit state load is applied, and scaled 
up to the maximum load capacity (PCLI) in the FE analyses. The total load is normalized 
by the factored Constructibility limit state load. Two FE results are shown (PCLI for 
Model-D1 without residual stresses and PCLIR for Model-D1 with residual stresses), one 
without residual stresses and one with residual stresses in Model-D1. Residual stresses 
from welding were included, and residual stresses from cold forming and cold bending of 
the tubular flange were not included (as discussed in Section 3.3). The FE results with 
residual stresses are shown for example bridge DB1, DB3 and DB6. The results in Figure 
4.78 through Figure 4.85 show that the maximum load capacity (PCLI) is much greater 
than the factored Constructibility limit state load for each bridge, which indicates each 
bridge has a significant margin of safety for the Constructibility limit state.  
The load versus displacement curves for the models with residual stresses are similar 
to the curves for the models without residual stress in the elastic range. In the inelastic 
range, due to the residual stresses, the vertical displacements for the models with residual 
stresses are larger than the result from the model without residual stresses. The maximum 
load capacities from the two models are similar, and the residual stresses have a small 
effect on the maximum load capacity.  
Since the Constructibility limit state design criteria are intended to prevent 
significant yielding during construction, the residual vertical displacement at mid span of 
outside girder after unloading from PCL was examined. Table 4.9 summarizes the residual 
vertical displacement at mid span of the outside girder (U3M_r) for each bridge. The 
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residual vertical displacement was normalized by the span length L; the largest 
normalized residual displacement is 7.13E-04, which means the residual displacements 
after unloading for each bridge is small. Since PCL is larger than the factored design load 
(1.25DC +1.75LLC), each bridge remain essentially linear elastic under the factored 
Constructibility limit state load. Thus, each bridge design satisfies the Constructibility 
limit state design criteria. 
4.3.2.4 Service II limit state  
The Service II limit state design checks were made using stress results from Model-
S. For checking the flange stress criteria for the Service II limit state, the flange stress 
from the primary bending moment ff and the flange stress from flange lateral bending 
moment fl are calculated based on different loads acting on the appropriate cross sections, 
to represent load effects on the bridge girders during different states of the service life, 
including: 
(1) The factored DC load acting on the non-composite girder section; 
(2) The factored DW load acting on the long-term composite girder section;  
(3) The factored LL acting on the short-term composite girder section. 
For the long-term composite girder section, the elastic modulus of the concrete is 
multiplied by one-third to account for creep of the concrete deck that will occur over time 
under long-term superimposed deck loads. For the short-term composite girder section, 
the unreduced elastic modulus of the concrete is used. 
In the FE models used for the analyses for the Service II limit state, the following 
three sequential conditions are modeled: 
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(1) The model includes the steel structural components without the concrete deck, 
and the factored DC is applied to the assembled non-composite girder system 
(girders connected to cross frames); 
(2) The model includes all structural components including the long-term concrete 
deck, and the factored DW is applied to the long-term composite bridge girder 
and deck system; 
(3) The model includes all structural components including the short-term concrete 
deck, and the factored LL is applied to the short-term composite bridge girder 
and deck system. 
For nonlinear load-displacement analysis made using Model-D1, the modified Riks 
method is used to determine the load capacity under the third of the three sequential 
conditions. The factored Service II limit state load is applied, and the LL component of 
the factored Service II limit state load is scaled up to the maximum load capacity in the 
FE analyses. The maximum load capacity for the Service II limit is expressed as DC + DW 
+ LL, where  is the load factor for the LL component. 
Table 4.10 gives the bottom flange stress results (from Model-S) and the calculation 
made according to the Service II limit state design criteria. The results show that all the 
example bridges satisfy the design criteria. The service limit load (PSL) for each design is 
summarized in Table 4.11. PSL is the minimum load at which the stress demand satisfies 
either Equations 4.4 or 4.5. PSL is expressed in terms of DC + DW + LL. For all 
example bridges, is much larger than 1.3, indicating that the bridges have been 
designed with a strength margin of safety. 
SLI SLI
SL
SL
 90 
 
The maximum load capacity for the Service II limit state was verified using Model-
D1. Figure 4.86 through Figure 4.93 show the normalized load versus vertical 
displacement at mid span for the outside girder from Model-D1 for each bridge. The total 
load is normalized by the factored Service II limit state load. The FE results with residual 
stress are plotted for example bridge DB1, DB3, and DB6. In many cases, the FE analysis 
fails to converge before the actual maximum load capacity is reached (the load versus 
displacement curve is still increasing). The lack of convergence is due to the truck load 
applied as a localized pressure load which induced a local stress concentration in the 
concrete deck, as discussed in Section 3.3.1. However, the results shown in these figures 
provide a low bound to the actual maximum load capacity. For Figure 4.86, Figure 4.88, 
and Figure 4.91, results for Model-D1 with residual stresses are included. These results 
show no significant effect from residual stresses. In Figure 4.88, for example bridge DB3, 
the residual stress affects the load level at which the analysis fails to converge, giving an 
apparent difference in maximum load capacity. The maximum load capacity for each 
bridge is much larger than the factored Service II design load, so each bridge has a 
significant margin of safety for the Service II limit state. All eight example bridges satisfy 
the Service II limit state design criteria. 
4.3.2.5 Strength I limit state  
The Strength I limit state design checks were made using results from Model-S. 
Primary bending moment and flange lateral bending moment were combined according 
to the design criteria for the Strength I limit state. The results are shown in Table 4.12. 
The load capacity is verified using nonlinear load-displacement analysis using Model-D1. 
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The factored Strength I limit state load is applied, and the LL component of the factored 
Strength I limit load scaled up to the maximum load capacity in these FE analyses. The 
analysis for the Service II limit state showed that residual stresses have a small effect on 
the behavior of composite systems with a concrete deck. Therefore, residual stresses were 
not included in the nonlinear load-displacement analysis for the Strength I limit state. 
Figure 4.94 through Figure 4.101 show normalized load versus vertical displacement at 
mid span of each girder for each example bridge. The total load is normalized by the 
factored Strength I limit state load. As observed in previous section, the FE analysis fails 
to converge before the actual maximum load capacity is reached (the load versus 
displacement curve is still increasing). The lack of convergence is due to the truck load 
applied as a localized pressure load which induced a local stress concentration in the 
concrete deck, as discussed in Section 3.3.1. However, the results shown in these figures 
provide a low bound to the actual maximum load capacity. The results show that the 
maximum load capacity of each example bridge is much larger than the factored Strength 
I limit state load, which shows that each bridge a significant margin of safety for the 
Strength I limit state. Thus, all the example bridges satisfy with the Strength I limit state 
design criteria. 
4.3.2.6 Constuctibility limit state (girder erection condition) 
The Constructibility limit state for an individual girder during erection of the bridge 
for each example bridge was examined. The Constructibility limit state design checks 
were made using stress results from Model-S. Equations 4.1 and 4.2 were used as the 
design criteria. Two load combinations from the Strength I limit state and Strength V 
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limit state were used in the Constructibility limit state design check. The load 
combination from Strength I limit state (AASHTO, 2010) is 1.25 SW. The load 
combination from the Strength V limit state (AASHTO, 2010) is 1.25 SW + 1.0 WL. 
According to AASHTO (2010) Article 3.8.1, the wind pressure on girders for a wind 
speed of 50 mph is 13 psf. This wind load was applied with the girder weight in the 1.25 
SW + 1.0 WL load combination for the Constructibility limit stateTo determine the lateral 
torsional buckling resistance of an individual TFG1 during erection, the unbraced length 
was taken as the entire length of the girder. For each example bridge, inside girder has 
smallest torsional stiffness and flexural strength among the girders, and the span of each 
girder is almost the same. Thus, only the inside girder for each bridge was examined for 
the Constructibility limit state for girder erection. 
 Table 4.13 shows the flange stress results under the factored girder weight (1.25 SW) 
only. The results show that each girder satisfies the Constructibility limit state design 
criteria.  
Table 4.14 shows the flange stress results under the factored girder weight and wind 
load for the Constructibility limit state. The results show that each bridge girder satisfies 
the Constructibility limit state design criteria. After consulting with few practicing bridge 
engineers, the wind pressure of 13 psf is considered to be appropriate for short-term or 
staged work. Therefore, the results show the individual girders can be erected for short-
term conditions without temporary shoring (or other supports) within the span or bracing 
within the span (i.e., the cross frames are not yet installed).  
 93 
 
4.4  Comparison between Curved TFG1 Systems and TFG2 Systems 
The results presented earlier in this chapter show that TFG1S have sufficient 
torsional stiffness and strength to perform well in curved bridge systems. Compared to 
TFG2s, TFG1s have other advantages as follows: 
(1) Curved TFG2s need concrete infill or a steel diaphragm in the tubular bottom 
flange at the bearings, but curved TFG1s do not; 
(2) For some span lengths, a cover plate on the tubular bottom flange of a TFG2 is 
needed in the region of maximum primary moment to carry the required 
tension force, even when the largest available HSS is used for the bottom 
flange, but a TFG1 does not require a cover plate; 
(3) A bottom plate flange (TFG1) is more economical than a tubular bottom flange 
(TFG2). 
In this section, individual girders and assembled girder bridge systems with TFG2s 
and TFG1s are compared. 
4.4.1  Behavior of individual girders  
Three different girder sections are considered, including the TFG2, TFG1 and 
conventional I-girder (IG) cross sections as shown in Figure 4.1.  For the cases studied, 
all girders have a similar cross section area. The span of the girders (L) is 90 ft. Table 
4.15 shows cross section dimensions for these three types of sections. Four different 
curvature ratios (L/R) are studied varying from 0.01 to 0.45. Each girder has nine 
stiffeners. For cross sections with tubular flanges, tube end diaphragms are included.  
Model-D1 discussed in Section 3.2, was used for the analyses. In the analyses, each 
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individual girder was loaded with its self weight with simply-supported boundary 
conditions. 
Vertical displacements 
The maximum vertical displacement of an individual curved girder occurs at mid 
span. Figure 4.102 shows the vertical displacement at mid span as L/R varies. The results 
show that when L/R is small, for example, L/R=0.01 (the girder is almost straight), the 
individual TFG1s, TFG2s, and IGs have similar vertical displacements. For the TFG2s 
and TFG1s, the increase in vertical displacement at mid span as L/R increases is small. 
For the IGs, however, as L/R increases, the vertical displacement at mid span increases 
significantly. When L/R is 0.45, the maximum vertical displacement of the individual IG 
is about 15 times that of the TFG2, and about 8 times that of the TFG1.  
Cross section rotations 
Figure 4.103 shows the cross section rotation at mid span as L/R increases for each 
girder. Similar to the vertical displacements, the individual IGs have much larger cross 
section rotation than the TFG2s and TFG1s, especially when L/R is large. The increase in 
cross section rotation for the TFG2s as L/R increases is small, and the increase in cross 
section rotation for the TFG1s as L/R increases is notable but is not large.  
Maximum warping normal stresses  
TFG2 and TFG1 sections have larger torsional stiffness than the IG section, so the 
warping normal stresses of the individual curved IGs are much larger than those of the 
TFG2s and TFG1s. Figure 4.104 shows the maximum warping normal stress in the top 
 95 
 
flange as L/R increases. As L/R increases, the curved IGs have a significant increase in 
warping normal stress. The warping normal stress for the TFG2s and TFG1s does not 
change significantly. Under the self weight of the girder, the maximum warping normal 
stress of the IGs with L/R of 0.45 is greater than 25 ksi.  
Primary bending moment 
Since the cross section areas of the corresponding TFG2s, TFG1s, and IGs are 
similar, the self weight per unit length of each girder is also similar. The primary bending 
moment (Mbu) of a simply supported beam under uniform load depends on the span and 
load magnitude. Figure 4.105 shows the maximum primary bending moment at mid span 
as L/R varies. The individual curved TFG2s, TFG1s, and IGs have identical span lengths 
and similar cross section areas, so the primary bending moments at mid span are similar. 
Summary 
Individual curved IGs have much larger vertical displacements, cross section 
rotations and warping normal stresses than the individual curved TFG2s and TFG1s. 
Figure 4.106 compares the deformed and undeformed mid span cross sections of the 
girders. The results show that an individual curved TFG1 has similar behavior to an 
individual TFG2, with much less vertical displacement and cross section rotation than an 
individual IG under self weight. 
4.4.2  Behavior of assembled bridge girder system  
Dong and Sause (2008b) designed nine curved three-girder bridge systems with 
TFG2s, which have spans varying from 90 ft to 150 ft.  The nominal thickness of the 
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tubes, which is not the thickness normally used in engineering calculations, were used in 
the design calculations for these bridge systems for cross section dimensions. Three of 
these bridge systems, designed by Dong and Sause (2008b), were redesigned in the 
present study using the actual tube wall thickness as tabulated in AISC (2005). Table 4.16 
and Table 4.17 show the cross section dimensions from the previous designs (Dong and 
Sause, 2008b). Table 4.18 and Table 4.19 show the updated cross section dimensions for 
the curved TFG2 bridges. Table 4.20 shows the cross section dimensions for 
corresponding three-girder bridge systems with TFG1s. These bridge systems were 
discussed also in Section 4.3. Analysis results from Model-S were used to design the 
bridges. Model-D1 was used to analyze and compare the behavior of the TFG1 and TFG2 
bridges. 
4.4.2.1 Comparison of geometry 
For the curved TFG2 bridge systems, designed by Dong and Sause (2008b), the 
nominal tube wall thickness was used, which is larger than the actual thickness. In the 
updated design, for B3-2, a cover plate is needed to satisfy the design criteria (Table 
4.19). For B6-2 and B8-2, the size cover plates were increased as seen by comparing 
Table 4.17 and Table 4.19. 
Table 4.21 compares the total cross section areas of the updated curved TFG2 bridge 
systems and curved TFG1 bridge systems. The updated curved TFG2 bridge systems 
have similar but slightly larger cross section area than the curved TFG1 bridges. The 
TFG1s do not have cover plates.  
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4.4.2.2 Constructibility limit state 
Table 4.22 and Table 4.23 shows the top flange stress results used to check the design 
criteria for the assembled bridge girder system for the Constructibility limit state under 
the deck placement condition for the curved TFG2 and TFG1 bridges. The results show 
that each bridge satisfies the design criteria, and the stresses are similar. 
Vertical displacement and cross rotation 
Figure 4.107, Figure 4.109, and Figure 4.111 show the vertical displacement along 
the span of G3 for each bridge under the factored Constructibility limit state for the deck 
placement condition. Figure 4.108, Figure 4.110, and Figure 4.112 show the cross section 
rotation along the span of G3 for each bridge under the factored Constructibility limit 
state load. The TFG1 and TFG2 bridges have similar vertical displacements. The curved 
TFG1 bridges have larger cross section rotations than the curved TFG2 bridges.  
Flange lateral bending moment 
Figure 4.113 through Figure 4.115 show the flange lateral bending moment in the top 
flange along the span of G3 for each bridge under the factored Constructibility limit state 
load for the deck placement condition. For B3 (L=90 ft), Figure 4.113 shows that the 
curved TFG1 bridge has larger flange lateral bending moment than the curved TFG2 
bridge at the locations of cross frames and at the locations mid way between two adjacent 
cross frames. For B6 (L=120 ft) and B8 (L=150 ft), both curved TFG1 bridges and TFG2 
bridges have similar flange lateral bending moment at the locations of the cross frames, 
but the TFG1 bridges have larger flange lateral bending moment than the TFG2 bridges at 
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the locations mid way between two adjacent cross frames. 
Maximum load capacity 
The construction limit load (PCL) for each bridge is summarized in Table 4.24 and 
Table 4.25 for the curved TFG2 bridges and curved TFG1 bridges. For both the curved 
TFG2 and TFG1 bridges, the construction limit load is controlled by G3.  
The maximum load capacity for the Constructibility Limit state was determined 
using Model-D1. These results are from nonlinear load-displacement analysis of the 
example bridges for the deck placement condition. The factored Constructibility limit 
state load is applied, and scaled up to the maximum load capacity in the FE analyses. The 
maximum load capacity is denoted as PCLI. Figure 4.116 through Figure 4.118 show the 
normalized load versus the vertical displacement at mid span of G3 for each bridge. The 
total load is normalized by the factored Constructibility limit state load. The results show 
that PCLI is much larger than the Constrcutibility design load, and both designs have a 
significant margin of safety for the Constructibility limit state. Thus the curved TFG1 and 
TFG2 bridges both satisfy the design criteria for the deck placement condition. However, 
the TFG2 bridges have a larger maximum load capacity than the TFG1 bridges. 
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4.4.2.3 Service II Limit state 
Table 4.26 and Table 4.27 show the bottom flange stress results (from Model-S) and 
the calculation made according to the Service II limit state design criteria for the curved 
TFG2 and TFG1 bridges. The results show that each bridge satisfies the design criteria 
for the Service II limit state. 
Vertical displacement and cross section rotation 
Figure 4.119, Figure 4.121, and Figure 4.123 show the vertical displacement along 
the span of G3 for each bridge under the factored Service II limit state load. The results 
show that the curved TFG2 bridges and TFG1 bridges have similar vertical 
displacements. Curved TFG1 bridges have larger cross section rotations than the TFG2 
bridges as shown Figure 4.120, Figure 4.122, and Figure 4.124. 
Flange lateral bending moment 
Figure 4.125 through Figure 4.127 show the flange lateral bending moment in the 
bottom flange along the span of G3 for each bridge under the factored Service II limit 
state load. For B3, the curved TFG1 bridge has larger flange lateral bending moment than 
the TFG2 bridge at the locations of cross frames and at the locations mid way between 
adjacent cross frames. For B6 and B8, as shown in Figure 4.126 and Figure 4.127, the 
TFG1 and TFG2 bridges have similar flange lateral bending moment along the span of 
G3.  
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Maximum load capacity 
Table 4.28 and Table 4.29 show the service limit load (PSL) for the curved TFG2 and 
TFG1 bridges. For all bridges, PSL is controlled by outer girder G3. 
Nonlinear load-displacement analysis of the curved TFG2 and TFG1 bridges were 
made using Model-D1. The modified Riks method is used to determine the load capacity. 
The factored Service II limit state load is applied, and the LL component of the factored 
Service II limit state load is scaled up to the maximum load capacity in these FE 
analyses. The maximum load capacity for the Service II limit is expressed as DC + DW + 
LL. Figure 4.128 through Figure 4.130 show the normalized load versus the vertical 
displacement at mid span of G3 for each bridge. The total load is normalized by the 
factored Service II limit state load. The results show that the load capacity of the curved 
TFG1 bridges is larger than the TFG2 bridges, especially for B8. The reason for these 
results is that the TFG1 section has a larger moment of inertia and section modulus than a 
similar TFG2 section, and the composite action with the concrete deck makes the 
torsional stiffness of the two types of girders similar. The results show that each bridge 
type has a significant margin of safety for the Service II limit state.  
4.4.2.4 Strength I Limit state 
The Strength I limit state design checks were made using results from Model-S. 
Primary bending moments and flange lateral bending moments were combined according 
to the design criteria for the Strength I limit state. The results are shown in Table 4.30 and 
Table 4.31. The results show that each bridge satisfies the design criteria.   
SLI
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The load capacity of the curved TFG2 and TFG1 bridges were verified using 
nonlinear load-displacement analysis using Model-D1. The factored Strength I limit state 
load is applied, and the LL component of the factored Strength I limit load is scaled up to 
the maximum load capacity in these FE analyses. The maximum load capacity PStLI for 
the Strength I limit state is expressed as 1.25DC +1.5Dw+𝛾𝑆𝑡𝐿𝐼LL. Figure 4.131 through 
Figure 4.133 show the normalized load versus the vertical displacement at mid span of 
G3. 𝛾𝑆𝑡𝐿𝐼 is much larger than 1.75 for each bridge.  The total load is normalized by the 
factored Strength I limit state load. The results show that each bridge has a significant 
margin of safety for the Strength I limit state. 
The results given above show that curved TFG1 bridge systems have similar 
behavior to curved TFG2 bridge systems, with the advantages that TFG1s avoid the need 
for concrete infill or steel diaphragms in the tubular bottom flanges at the bearings and 
avoid the need for cover plates on the tubular bottom flanges in regions of maximum 
primary bending. 
4.5  Summary of Results 
The limit state design criteria for the curved TFG bridge based on the AASHTO 
LRFD Bridge Design Specifications (AASHTO, 2010) were introduced and then used to 
design TFG1s for eight simple-span example bridges. Analyses using Model-S were used 
to determine the design demands under the AASHTO (2010) load combinations for the 
different limit states considered in the design. The maximum load capacity of each 
example bridge was determined using Model-D1 with nonlinear load-displacement 
analysis. The results suggest that the design criteria in the AASHTO (2010) can be used 
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to safely design curved TFG1 highway bridges, for the limit states that were considered 
(Constructibility, Service II, and Strength I limit states).  
For curved TFG1 bridges systems without a concrete deck (non-composite system 
for the deck placement condition), the residual stresses in the TFG1 cross section due to 
welding during fabrication of the girders have an effect on the vertical displacement of 
the girder beyond the factored Constructibility limit state load, and have only a small 
effect on the maximum load capacity of curved TFG1 systems. For curved four-girder 
bridge systems without a concrete deck (non-composite system for the deck placement 
condition), the residual stresses due to welding have only a small effect on the vertical 
displacement and the maximum load capacity of the bridge systems.  
For curved girder bridge systems with a concrete deck (composite system), the 
residual (compressive) stresses in the tubular flange have only a small effect on the 
vertical displacement and the maximum load capacity. 
From the comparisons between curved TFG1s and TFG2s, the following conclusions 
are made: 
(1) Individual TFG1s have behavior similar to that of individual TFG2s including 
smaller warping normal stress, flange lateral bending moment, vertical 
displacement, and cross section rotation than the corresponding individual 
curved IGs. Individual TFG1s do not require any temporary shoring or bracing 
within the span during erection. 
(2) For assembled bridge girder systems, for the systems with a large curvature 
ratio (for example, L/R=0.45), curved TFG2 systems need cover plates on the 
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tubular bottom flange for the outside girder; however, curved TFG1 systems 
uses a flat plate as the bottom flange, which avoids the need for a cover plate. 
(3) Curved TFG1 systems have similar total girder cross section areas to curved 
TFG2 systems for the same span and curvature ratio (L/R).  
(4) For both non-composite and composite systems, curved TFG1 systems and 
corresponding TFG2 systems have similar vertical displacements; curved 
TFG1 systems have larger cross section rotations than curved TFG2 systems. 
(5) For non-composite systems, curved TFG1 systems have a smaller maximum 
load capacity than corresponding curved TFG2 systems. 
(6) For composite systems, curved TFG1 systems have a slightly larger maximum 
load capacity than corresponding curved TFG2 systems. 
(7) Curved TFG1 systems have behavior similar to that of curved TFG2 systems, 
and have the advantages that TFG1s avoid the need for concrete infill or steel 
diaphragms in the tubular bottom flanges at the bearings and avoid the need for 
cover plates on the tubular bottom flanges in regions of maximum primary 
bending in the outer girders (of bridges with a large L or L/R).   
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Table 4.1 Load factors and load combinations for construction condition 
Limit State SW DC LLC WL 
Constructibility limit state 
(girder erection with only girder 
weight) 
1.25 - - - 
Constructibility limit state 
(girder erection) 
1.25 - - 1.0 
Constructibility limit state 
(deck placement) 
- 1.25 1.75 - 
 
 
 
Table 4.2 Load factors and load combinations for final constructed condition 
Limit State DC DW LL 
Service II 1.00 1.00 1.30 
Strength I 1.25 1.50 1.75 
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Table 4.3 Cross section dimensions for curved TFG1 bridges  
Example 
bridge 
Centerline 
span 
 (ft) 
Section 
depth 
(inch) 
L/R Girder 
Top Flange 
(inch) 
Bottom 
Flange 
(inch) 
Web 
(inch) 
Btf Dtf Ttf Bbf Tbf Dw tw 
DB1 90 54 0.45 
G1 12 8 0.349 12 0.75 45.25 0.5 
G2 16 12 0.581 21 2.00 40 0.5 
DB2 120 72 0.3 
G1 16 8 0.349 16 0.75 63.25 0.75 
G2 20 12 0.581 22 2.125 57.875 0.75 
DB3 90 50 0.45 
G1 12 8 0.349 16 1.00 45 0.5 
G2 12 8 0.349 20 1.00 45 0.5 
G3 16 12 0.465 21 1.75 40.25 0.5 
DB4 120 70 0.3 
G1 12 8 0.349 16 1.00 61 0.75 
G2 12 8 0.465 20 1.125 60.875 0.75 
G3 20 12 0.581 21 2.375 55.625 0.75 
DB5 150 85 0.2 
G1 16 12 0.349 16 1 72 0.875 
G2 16 8 0.581 20 1.75 75.25 0.875 
G3 20 12 0.581 22 2.375 70.625 0.875 
DB6 90 54 0.45 
G1 12 8 0.349 12 0.75 45.25 0.5 
G2 16 12 0.349 16 1.00 41 0.5 
G3 16 12 0.465 18 1.375 40.625 0.5 
G4 16 12 0.465 20 1.75 40.25 0.5 
DB7 120 72 0.3 
G1 12 8 0.349 12 1.00 63 0.75 
G2 16 12 0.349 16 1.125 58.875 0.75 
G3 16 12 0.465 20 1.625 58.375 0.75 
G4 20 12 0.465 20 1.75 58.25 0.75 
DB8 150 90 0.2 
G1 20 12 0.349 20 0.875 77 1 
G2 20 12 0.349 20 1.000 77 1 
G3 20 12 0.465 20 1.500 77 1 
G4 20 12 0.465 20 1.875 76 1 
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Table 4.4 Maximum primary bending moment at mid span of individual girders of curved 
TFG1 bridges under girder weight 
Bridge  
Maximum primary bending moment 
(kip-inch) 
Model-S Model-D1 
DB1 4535 4532 
DB2 10390 10390 
DB3 4172 4171 
DB4 9213 9212 
 
 
 
Table 4.5 Maximum primary bending moment at mid span of outside girders of 
assembled curved TFG1 bridges without concrete deck under factored Constructibility 
limit state load 
Bridge  
Maximum primary bending moment 
(kip-inch) 
Model-S Model-D1 
DB1 46850 47490 
DB3 38980 38900 
DB4 38110 38510 
 
 
 
Table 4.6 Maximum primary bending moment at mid span of outside girders of 
assembled curved TFG1 bridges with concrete deck under factored Service II limit state 
load 
Bridge  
Maximum primary bending moment 
(kip-inch) 
Model-S Model-D1 
DB1 54400 54510 
DB3 43130 43340 
DB4 43140 44200 
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Table 4.7 Top flange stress design check for Constructibility limit state for curved TFG1 
bridges under deck placement condition 
Example bridge Girder 
Normal stress in top flange 
(ksi) 
ff fl |ff+fl| Fyc |ff+1/3fl| Fnc 
DB1 
G1 -11.95 -4.84 16.80 50.00 13.57 50.00 
G2 -36.78 -8.57 45.34 50.00 39.63 50.00 
DB2 
G1 -13.65 -8.02 21.66 50.00 16.32 48.22 
G2 -34.29 -10.54 44.83 50.00 37.80 50.00 
DB3 
G1 -22.46 -7.02 29.48 50.00 24.80 50.00 
G2 -31.54 -11.72 43.26 50.00 35.45 50.00 
G3 -40.80 -6.81 47.61 50.00 43.07 50.00 
DB4 
G1 -16.77 -10.42 27.19 50.00 20.24 42.91 
G2 -26.04 -17.62 43.66 50.00 31.91 47.96 
G3 -38.06 -6.50 44.56 50.00 40.23 50.00 
DB5 
G1 -19.09 1.15 17.93 50.00 18.70 50.00 
G2 -29.26 -2.23 31.49 50.00 30.01 50.00 
G3 -38.20 10.77 48.97 50.00 34.61 50.00 
DB6 
G1 -11.02 -2.91 13.93 50.00 11.99 50.00 
G2 -19.27 -3.19 22.46 50.00 20.33 50.00 
G3 -27.18 -6.59 20.60 50.00 29.38 50.00 
G4 -36.94 -11.28 48.22 50.00 40.70 50.00 
DB7 
G1 -13.90 -7.51 21.41 50.00 16.40 38.30 
G2 -21.95 -5.02 26.97 50.00 23.62 50.00 
G3 -30.66 -8.83 39.49 50.00 33.60 50.00 
G4 -37.31 -7.86 45.16 50.00 39.92 50.00 
DB8 
G1 -16.98 -4.87 21.84 50.00 18.60 50.00 
G2 -22.98 -5.60 28.57 50.00 24.84 50.00 
G3 -30.40 -5.60 36.00 50.00 32.27 50.00 
G4 -38.68 -9.62 48.30 50.00 41.88 50.00 
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Table 4.8 Normalized limit load for Constructibility limit state (PCL) from Model-S   
Example bridge Girder 
fb + fl <= Fy fb + 1/3fl <= Fnc 
PCL (min of PCLI) 
fl/ fb PCL-1 fl/ fb PCL-2 
DB1 
G1 0.405 2.977 0.405 3.685 
1.103 
G2 0.233 1.103 0.233 1.262 
DB2 
G1 0.588 2.308 0.588 3.064 
1.115 
G2 0.307 1.115 0.307 1.323 
DB3 
G1 0.313 1.696 0.313 2.016 
1.050 G2 0.372 1.156 0.372 1.410 
G3 0.167 1.050 0.167 1.161 
DB4 
G1 0.621 1.839 0.621 2.470 
1.122 G2 0.677 1.145 0.677 1.567 
G3 0.171 1.122 0.171 1.243 
DB5 
G1 0.060 2.788 0.060 2.674 
1.021 
G2 0.076 1.588 0.076 1.666 
G3 0.282 1.021 0.282 1.445 
G2 0.244 1.750 0.244 2.013 
G3 0.184 1.389 0.184 1.550 
G4 0.249 1.035 0.249 1.194 
DB6 
G1 0.264 3.590 0.264 4.170 
1.037 
G2 0.165 2.048 0.165 2.262 
G3 0.242 2.234 0.242 1.566 
G4 0.305 1.037 0.305 1.229 
DB7 
G1 0.541 2.336 0.541 3.049 
1.107 
G2 0.229 1.706 0.229 1.947 
G3 0.288 1.165 0.288 1.369 
G4 0.211 1.107 0.211 1.252 
DB8 
G1 0.287 2.289 0.287 2.688 
1.035 
G2 0.244 1.750 0.244 2.013 
G3 0.184 1.389 0.184 1.550 
G4 0.249 1.035 0.249 1.194 
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Table 4.9 Residual vertical displacements of outside girder after unloading from PCL for 
curved TFG1 bridges 
Example 
bridge 
PCL 
U3M_r 
 U3M_r/Li 
(inch) 
DB1 1.103 0.05 4.63E-05 
DB3 1.05 0.05 4.63E-05 
DB6 1.037 0.07 6.48E-05 
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Table 4.10 Bottom flange stress design check for Service II limit state for curved TFG1 
bridges 
Example bridge Girder 
Normal stress in bottom flange 
(ksi) 
ff fl ff+1/2fl 0.95Fyf fl/ff 
DB1 
G1 25.99 22.51 37.24 47.5 0.866 
G2 38.58 14.78 45.97 47.5 0.383 
DB2 
G1 24.34 19.22 33.95 47.5 0.789 
G2 38.68 14.02 45.69 47.5 0.363 
DB3 
G1 30.32 11.49 36.07 47.5 0.379 
G2 34.76 10.70 40.11 47.5 0.308 
G3 40.38 10.42 45.59 47.5 3.876 
DB4 
G1 23.95 18.24 33.07 47.5 0.762 
G2 31.19 18.48 40.43 47.5 0.593 
G3 38.45 15.96 46.43 47.5 0.415 
DB5 
G1 25.57 13.64 32.39 47.5 0.533 
G2 27.49 12.07 33.53 47.5 0.439 
G3 39.80 14.21 46.91 47.5 0.357 
DB6 
G1 14.23 11.07 19.77 47.5 0.778 
G2 24.91 10.83 30.32 47.5 0.435 
G3 32.46 12.89 38.91 47.5 0.397 
G4 37.63 15.96 45.61 47.5 0.424 
DB7 
G1 23.27 19.44 32.99 47.5 0.835 
G2 27.21 14.73 34.57 47.5 0.541 
G3 31.16 12.66 37.49 47.5 0.406 
G4 38.56 16.47 46.79 47.5 0.427 
DB8 
G1 22.34 12.91 28.80 47.5 0.578 
G2 26.42 13.05 32.94 47.5 0.494 
G3 32.52 12.89 38.97 47.5 0.396 
G4 38.43 15.50 46.18 47.5 0.403 
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Table 4.11 Limit load for Service II limit state (PSL) from Model-S   
Example bridge Girder PSL   (for each girder) PSL  (for the bridge) 
DB1 
G1 Dc+Dw+2.71 LL 
Dc+Dw+1.73 LL 
G2 Dc+Dw+1.73 LL 
DB2 
G1 Dc+Dw+3.45 LL 
Dc+Dw+1.78 LL 
G2 Dc+Dw+1.78 LL 
DB3 
G1 Dc+Dw+2.03 LL 
Dc+Dw+1.39 LL G2 Dc+Dw+1.73 LL 
G3 Dc+Dw+1.39 LL 
DB4 
G1 Dc+Dw+2.65 LL 
Dc+Dw+1.46 LL G2 Dc+Dw+2.04 LL 
G3 Dc+Dw+1.46 LL 
DB5 
G1 Dc+Dw+2.76 LL 
Dc+Dw+1.41 LL G2 Dc+Dw+1.95 LL 
G3 Dc+Dw+1.41 LL 
DB6 
G1 Dc+Dw+5.71 LL 
Dc+Dw+1.46 LL 
G2 Dc+Dw+3.10 LL 
G3 Dc+Dw+2.02 LL 
G4 Dc+Dw+1.46 LL 
DB7 
G1 Dc+Dw+2.9 LL 
Dc+Dw+1.38 LL 
G2 Dc+Dw+2.67 LL 
G3 Dc+Dw+2.28 LL 
G4 Dc+Dw+1.38 LL 
DB8 
G1 Dc+Dw+3.15 LL 
Dc+Dw+1.55 LL 
G2 Dc+Dw+2.99 LL 
G3 Dc+Dw+2.48 LL 
G4 Dc+Dw+1.55 LL 
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Table 4.12 Flexural strength design check for Strength I limit state for curved TFG1 
bridges 
Example bridge Girder 
Mu 
(kip-inch) 
fl Sxt Mu+(1/3)flSxt Mn 
(ksi) (inch
3
) (kip-inch) (kip-inch) 
DB1 
G1 36590 23.5 1087 45110 103100 
G2 118500 12.6 2833 130300 187600 
DB2 
G1 54850 14.4 2223 65510 172500 
G2 177400 9.8 4523 192300 283600 
DB3 
G1 37100 8.1 1302 40620 91760 
G2 90090 7.5 1637 94180 107400 
G3 90200 3.9 2299 93170 137200 
DB4 
G1 57030 16.9 2197 69420 149300 
G2 135800 16.6 2617 150300 169700 
G3 136400 6.7 4294 146000 249100 
DB5 
G1 71580 9.2 4011 83890 281800 
G2 92960 8.4 4209 104800 290800 
G3 93580 5.6 4976 102900 329000 
DB6 
G1 31000 14.3 1231 36890 100800 
G2 46310 9.8 1454 51090 111100 
G3 45330 5.7 1920 48950 138700 
G4 96470 15.5 2377 108800 156200 
DB7 
G1 47040 16.9 2169 59260 161200 
G2 67450 11.0 2584 76920 180900 
G3 66940 4.9 3544 72700 226600 
G4 135900 13.6 3704 152800 235300 
DB8 
G1 71580 9.2 4011 83890 281800 
G2 92960 8.4 4209 104800 290800 
G3 93580 5.6 4976 102900 329000 
G4 180200 10.6 5709 200500 362800 
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Table 4.13 Top flange stress design check for inside girder for Constructibility limit state 
for curved TFG1 bridges during girder erection condition (factored girder weight only)  
Example 
bridge 
Normal stress in top flange 
(ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc 
DB1 -3.89 -1.65 5.54 50.00 4.44 22.72 
DB2 -6.38 -3.87 10.25 50.00 7.67 17.86 
DB3 -4.52 -1.28 5.80 50.00 4.95 20.03 
DB4 -6.28 -4.70 10.99 50.00 7.85 19.20 
DB5 -8.45 -4.44 12.89 50.00 9.93 20.29 
DB6 -3.73 -2.32 6.05 50.00 4.51 23.36 
DB7 -6.23 -4.96 11.19 50.00 7.88 18.49 
DB8 -8.09 -5.49 13.58 50.00 9.92 18.90 
 
 
 
Table 4.14 Top flange stress design check for inside girder for Constructibility limit state 
for curved TFG1 bridges during girder erection conditions (factored girder weight and 
wind load)   
Example 
bridge 
Normal stress in top flange 
(ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc 
DB1 -3.88 -16.47 20.35 50.00 9.37 22.72 
DB2 -6.35 -26.80 33.15 50.00 15.28 17.86 
DB3 -4.50 -9.66 14.16 50.00 7.72 20.03 
DB4 -6.33 -24.29 30.62 50.00 14.42 19.20 
DB5 -8.36 -29.25 37.61 50.00 18.11 20.29 
DB6 -3.74 -13.30 17.05 50.00 8.18 23.36 
DB7 -6.26 -24.94 31.20 50.00 14.57 18.49 
DB8 -8.00 -32.00 40.01 50.00 18.67 18.90 
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Table 4.15 Cross section dimensions of individual girders 
Cross section 
Top flange 
(inch) 
Bottom flange 
(inch) 
Web 
(inch) 
Area 
(inch
2
) 
Ix 
(inch
4
) 
TFG2 16x8x0.581 20x12x0.581 34x0.5 79.4 31789 
TFG1 16x8x0.581 20x1.5 44.5x0.5 78.8 36704 
IG 16x1.375 20x1.5 51.125x0.5 77.6 42893 
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Table 4.16 Cross section dimensions of curved TFG2 bridges (Dong and Sause, 2008) 
Cross 
Section Set 
Girder 
Top Flange 
(inch)  
Bottom Flange 
(inch) 
Web 
 (inch) 
A 
(inch
2
) 
Total 
Area 
including 
cover 
plate 
(inch
2
) 
Btf Dtf Ttf Bbf Dbf Tbf Dw tw 
B3(CS1C) 
L=90 ft, 
L/R=0.45 
G1 8 4 0.3125 16 12 0.375 34 0.5 45.50 45.50 
G2 14 4 0.375 20 12 0.625 34 0.5 70.50 70.50 
G3 16 4 0.5 20 12 0.625 34 0.5 77.00 77.00 
B6(CS2C) 
L=120 ft, 
L/R=0.3 
G1 8 4 0.3125 12 12 0.375 54 0.75 66.00 66.00 
G2 14 4 0.375 16 12 0.5 54 0.75 82.00 82.00 
G3 20 4 0.625 20 12 0.625 54 0.75 110.50 128.00 
B8(CS3B) 
L=150 ft, 
L/R=0.2 
G1 12 8 0.375 12 12 0.375 65 1 98.00 98.00 
G2 16 8 0.375 16 12 0.5 65 1 111.00 111.00 
G3 20 8 0.625 20 12 0.625 65 1 140.00 166.25 
       
 
 
Table 4.17 Dimensions of cover plates on bottom tubular flange of G3 (Dong and Sause, 
2008) 
Cover Plate 
Width 
(inch) 
Thickness 
(inch) 
CP1 (B6) 17.5 1 
CP2 (B8) 17.5 1.5 
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Table 4.18 Cross section dimensions of curved TFG2 bridges (updated) 
Example bridge Girder 
Top Flange 
(inch)  
Bottom Flange 
(inch) 
Web 
 (inch) A 
(inch
2
) 
Btf Dtf Ttf Bbf Dbf Tbf Dw tw 
B3-2  
L=90 ft, 
L/R=0.45,Section 
depth=50 inch 
G1 12 4 0.349 16 12 0.349 34 0.5 46.74 
G2 14 4 0.465 20 12 0.465 34 0.5 61.77 
G3 16 8 0.465 20 12 0.581 30 0.5 72.29 
B6-2  
L=120 ft, 
L/R=0.3, Section 
depth=70 inch 
G1 12 4 0.349 16 12 0.349 54 0.75 70.24 
G2 14 4 0.465 20 12 0.465 54 0.75 85.27 
G3 20 8 0.581 20 12 0.581 50 0.75 104.52 
B8-2  
L=150 ft, 
L/R=0.2, Section 
depth=85 inch 
G1 16 8 0.349 16 12 0.465 65 0.875 98.31 
G2 16 8 0.465 20 12 0.581 65 0.875 114.16 
G3 20 12 0.581 20 12 0.581 61 0.875 125.04 
                    
 
 
Table 4.19 Dimensions of cover plates on bottom tubular flange of G3 (updated) 
Cover Plate 
Width 
(inch) 
Thickness 
(inch) 
CP1 (B3-2) 10 0.5 
CP2 (B6-2) 20 1.125 
CP3(B8-2) 20 1.25 
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Table 4.20 Cross section dimensions of curved TFG1 bridges 
Example bridge Girder 
Top Flange 
(inch) 
 
Bottom Flange 
(inch) 
 
Web 
(inch) A 
(inch
2
) 
Btf Dtf Ttf Bbf Tbf Dw tw 
B3-1 
L=90 ft, 
L/R=0.45,section 
depth =50 inch 
G1 12 8 0.349 16 1.00 41.00 0.50 50.0 
G2 12 8 0.349 20 1.00 41.00 0.50 54.0 
G3 16 12 0.465 21 1.750 36.25 0.50 80.1 
B6-1 L=120 ft, 
L/R=0.3, section 
depth=70 inch 
G1 12 8 0.349 16 1.00 61 0.750 75.2 
G2 12 8 0.465 20 1.13 61 0.750 85.9 
G3 20 12 0.581 21 2.38 56 0.750 127.4 
B8-1 L=150 ft, 
L/R=0.2, section 
depth=85 inch 
G1 16 12 0.349 16 1.00 72 0.875 98.1 
G2 16 8 0.581 20 1.75 75 0.875 127.4 
G3 20 12 0.581 22 2.375 71 0.875 149.9 
 
 
 
Table 4.21 Cross section comparison of bridges with TFG2s and TFG1s 
Bridge 
Depth  
(inch) 
Area 
(inch
2
) 
TFG2 TFG1 TFG2 TFG1 
B3 50 50 191 184 
B6 70 70 305 289 
B8 85 85 375 363 
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Table 4.22 Top flange stress design check for Constructibility limit state for curved TFG2 
bridges under deck placement condition 
Example 
bridge 
Girder 
Normal stress in top flange 
(ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc 
B3-2 
G1 -24.1 -7.3 31.4 50.0 26.6 50.0 
G2 -31.3 -7.9 39.2 50.0 34.0 50.0 
G3 -40.0 -6.3 46.4 50.0 42.1 50.0 
B6-2 
G1 -20.8 -12.8 33.6 50.0 25.0 50.0 
G2 -28.6 -13.6 42.2 50.0 33.1 50.0 
G3 -38.5 -9.2 47.7 50.0 41.6 50.0 
B8-2 
G1 -22.1 -13.6 35.7 50.0 26.6 50.0 
G2 -30.2 -12.0 42.2 50.0 34.2 50.0 
G3 -41.3 -5.4 46.7 50.0 43.1 50.0 
G3 -43.1 -5.5 48.6 50.0 44.9 50.0 
 
 
 
Table 4.23 Top flange stress design check for Constructibility limit state for curved TFG1 
bridges under deck placement condition 
Example 
bridge 
Girder 
Normal stress in top flange 
(ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc 
B3-1 
G1 -22.5 -7.0 29.5 50.0 24.8 50.0 
G2 -31.5 -11.7 43.3 50.0 35.5 50.0 
G3 -40.8 -6.8 47.6 50.0 43.1 50.0 
B6-1 
G1 -16.8 -10.4 27.2 50.0 20.2 42.9 
G2 -26.0 -17.6 43.7 50.0 31.9 47.9 
G3 -38.1 -6.5 44.6 50.0 40.2 50.0 
B8-1 
G1 -18.2 -13.6 31.7 50.0 22.7 50.0 
G2 -36.2 -7.0 43.1 50.0 38.5 50.0 
G3 -37.1 -11.6 48.7 50.0 33.3 50.0 
G3 -38.1 11.8 49.9 50.00 34.2 50.0 
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Table 4.24 Normalized construction limit load (PCL) from Model-S for curved TFG2 
bridges 
Example 
bridge 
Girder 
fb + fl <= Fy fb + 1/3fl <= Fnc 
PCL 
(min of 
PCL-1 &  PCL-2) 
fl/ fb PCL-1 fl/ fb PCL-2 
B3-2 
G1 0.303 1.592 0.303 1.880 
1.078 G2 0.252 1.276 0.252 1.471 
G3 0.158 1.078 0.158 1.188 
B6-2 
G1 0.615 1.488 0.615 2.000 
1.048 G2 0.476 1.185 0.476 1.511 
G3 0.239 1.048 0.239 1.202 
B8-2 
G1 0.615 1.401 0.615 1.880 
1.071 G2 0.397 1.185 0.397 1.462 
G3 0.131 1.071 0.131 1.160 
 
 
 
Table 4.25 Normalized construction limit load (PCL) from Model-S for curved TFG1 
bridges 
Example 
bridge 
Girder 
fb + fl <= Fy fb + 1/3fl <= Fnc 
PCL 
(min of 
PCL-1 &  PCL-2) 
fl/ fb PCL-1 fl/ fb PCL-2 
B3-2 
G1 0.311 1.695 0.311 2.016 
1.050 G2 0.371 1.155 0.371 1.408 
G3 0.167 1.050 0.167 1.160 
B6-2 
G1 0.619 1.838 0.619 2.475 
1.121 G2 0.677 1.144 0.677 1.567 
G3 0.171 1.121 0.171 1.244 
B8-2 
G1 0.747 1.577 0.747 2.203 
1.027 G2 0.193 1.160 0.193 1.299 
G3 0.313 1.027 0.313 1.502 
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Table 4.26 Bottom flange stress design check for Service II limit state for curved TFG2 
bridges 
Example 
bridge 
Girder 
Normal stress in bottom flange 
(ksi) 
ff fl ff+(1/2)fl 0.95Fyf fl/ff 
B3-2 
G1 35.6 4.7 37.9 47.5 0.132 
G2 39.6 3.4 41.3 47.5 0.086 
G3 43.6 4.8 46.0 47.5 0.110 
B6-2 
G1 30.0 7.4 33.7 47.5 0.247 
G2 35.6 6.4 38.8 47.5 0.180 
G3 40.9 8.7 45.3 47.5 0.213 
B8-2 
G1 30.4 7.1 34.0 47.5 0.234 
G2 36.9 7.1 40.4 47.5 0.192 
G3 42.0 8.3 46.1 47.5 0.198 
 
 
 
Table 4.27 Bottom flange stress design check for Service II limit state for curved TFG1 
bridges 
Example 
bridge 
Girder 
Normal stress in bottom flange 
(ksi) 
ff fl ff+(1/2)fl 0.95Fyf fl/ff 
B3-1 
G1 30.3 11.5 36.1 47.5 0.380 
G2 34.8 10.7 40.1 47.5 0.307 
G3 40.4 10.4 45.6 47.5 0.257 
B6-1 
G1 23.9 18.2 33.1 47.5 0.762 
G2 31.2 18.5 40.4 47.5 0.593 
G3 38.5 16.0 46.4 47.5 0.416 
B8-1 
G1 23.0 16.7 31.4 47.5 0.726 
G2 29.6 13.5 36.3 47.5 0.456 
G3 33.8 13.3 45.9 47.5 0.393 
 
 
 
 
 121 
 
Table 4.28 Limit load (PSL) for Service II limit state from Model-S for curved TFG2 
bridges 
Example 
bridge 
PSL  
  (for each girder) 
PSL  
 (for the bridge) 
B3-2 
Dc+Dw+2.03 LL 
Dc+Dw+1.39 LL Dc+Dw+1.73 LL 
Dc+Dw+1.39 LL 
B6-2 
Dc+Dw+2.65 LL 
Dc+Dw+1.46 LL Dc+Dw+2.04 LL 
Dc+Dw+1.46 LL 
B8-2 
Dc+Dw+2.76 LL 
Dc+Dw+1.41 LL Dc+Dw+1.95 LL 
Dc+Dw+1.41 LL 
 
 
 
Table 4.29 Limit load (PSL) for Service II limit state from Model-S for curved TFG1 
bridges 
Example 
bridge 
PSL   
 (for each girder) 
PSL  
 (for the bridge) 
B3-1 
Dc+Dw+2.21 LL 
Dc+Dw+1.42 LL Dc+Dw+1.83 LL 
Dc+Dw+1.42 LL 
B6-1 
Dc+Dw+2.73 LL 
Dc+Dw+1.38 LL Dc+Dw+1.88 LL 
Dc+Dw+1.38 LL 
B8-1 
Dc+Dw+3.18 LL 
Dc+Dw+1.43 LL Dc+Dw+2.43 LL 
Dc+Dw+1.43 LL 
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Table 4.30 Flexural strength design check for Strength I limit state for curved TFG2 
bridges 
Example bridge Girder 
Mu 
(kip-inch) 
fl 
(ksi) 
Sxt 
(inch
3
) 
Mu+(1/3)flSxt 
(kip-inch) 
Mn 
(kip-inch) 
B3-2 
G1 41420 5.13 1170 43420 90400 
G2 74850 3.84 1470 76730 104000 
G3 86750 3.14 2010 88860 136000 
B6-2 
G1 58020 7.63 1920 62900 148000 
G2 114300 5.72 2490 119000 179000 
G3 167400 4.67 4080 173800 255000 
B8-2 
G1 94570 7.22 2750 101200 213600 
G2 172700 5.33 3910 179600 272000 
G3 255100 4.88 5690 264400 350000 
 
 
 
Table 4.31 Flexural strength design check for Strength I limit state for curved TFG1 
bridges 
Example bridge Girder 
Mu 
(kip-inch) 
fl 
(ksi) 
Sxt 
(inch
3
) 
Mu+(1/3)flSxt 
(kip-inch) 
Mn 
(kip-inch) 
B3-1 
G1 37100 8.11 1302 40620 91760 
G2 90090 7.48 1637 94180 107400 
G3 90200 3.88 2299 93170 137200 
B6-1 
G1 57030 16.91 2197 69420 149300 
G2 135800 16.60 2617 150300 169700 
G3 136400 6.73 4294 146000 249100 
B8-1 
G1 73900 13.02 3217 87860 223400 
G2 209000 8.62 4612 222300 295200 
G3 208600 4.81 5839 218000 348600 
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(a) TFG2                                (b) TFG1                         (c) IG 
Figure 4.1 Cross section shapes 
 
 
 
Figure 4.2 HS-20 truck (from AASHTO, 2010) 
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Figure 4.3 Critical locations of live load for one design lane for curved two-girder bridge 
systems 
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Figure 4.4 Critical locations of live load for two design lanes for curved three-girder 
bridge systems 
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Figure 4.5 Critical locations of live load for two design lanes for curved four-girder 
bridge systems 
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Figure 4.6 Vertical displacement along span of G2 from DB1 under its own weight 
 
 
 
Figure 4.7 Vertical displacement along span of G3 from DB3 under its own weight 
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Figure 4.8 Vertical displacement along span of G4 from DB6 under its own weight 
 
 
 
Figure 4.9 Cross section rotation along span of G2 from DB1 under its own weight 
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Figure 4.10 Cross section rotation along span of G3 from DB3 under its own weight 
 
 
 
Figure 4.11 Cross section rotation along span of G4 from DB6 under its own weight 
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Figure 4.12 Flange lateral bending moment in top flange along span of G2 from DB1 
under its own weight 
 
 
 
Figure 4.13 Flange lateral bending moment in top flange along span of G3 from DB3 
under its own weight 
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Figure 4.14 Flange lateral bending moment in top flange along span of G4 from DB6 
under its own weight 
 
 
 
Figure 4.15 Flange lateral bending moment in bottom flange along span of G2 from DB1 
under its own weight 
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Figure 4.16 Flange lateral bending moment in bottom flange along span of G3 from DB3 
under its own weight 
 
 
 
Figure 4.17 Flange lateral bending moment in bottom flange along span of G4 from DB6 
under its own weight 
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Figure 4.18 Load versus vertical displacement at mid span of G2 from DB1 under 
uniform distributed loading 
 
 
 
Figure 4.19 Load versus vertical displacement at mid span of G3 from DB3 under 
uniform distributed loading 
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Figure 4.20 Load versus vertical displacement at mid span of G4 from DB6 under 
uniform distributed loading 
 
 
 
Figure 4.21 Vertical displacement along span of G2 from DB1 under factored 
Constructability limit state load for deck placement condition 
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Figure 4.22 Vertical displacement along span of G3 from DB3 under factored 
Constructability limit state load for deck placement condition 
 
 
 
Figure 4.23 Vertical displacement along span of G4 from DB6 under factored 
Constructability limit state load for deck placement condition 
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Figure 4.24 Cross section rotation along span of G2 from DB1 under factored 
Constructability limit state load for deck placement condition 
 
 
 
Figure 4.25 Cross section rotation along span of G3 from DB3 under factored 
Constructability limit state load for deck placement condition 
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Figure 4.26 Cross section rotation along span of G4 from DB6 under factored 
Constructability limit state load for deck placement condition 
 
 
 
Figure 4.27 Flange lateral bending moment in top flange along span of G2 from DB1 
under factored Constructability limit state load for deck placement condition 
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Figure 4.28 Flange lateral bending moment in top flange along span of G3 from DB3 
under factored Constructability limit state load for deck placement condition 
 
 
 
Figure 4.29 Flange lateral bending moment in top flange along span of G4 from DB6 
under factored Constructability limit state load for deck placement condition 
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Figure 4.30 Normal stress distribution of G2 from DB1 under factored Constructability 
limit state load for deck placement condition  
 
Figure 4.31 Normal stress distribution of G3 from DB3 under factored Constructability 
limit state load for deck placement condition 
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Figure 4.32 Normal stress distribution of G4 from DB6 under factored Constructability 
limit state load for deck placement condition 
 
 
 
Figure 4.33 Normalized load versus vertical displacement at mid span of G2 from DB1 
under Constructability limit state loading for deck placement condition  
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Figure 4.34 Normalized load versus vertical displacement at mid span of G3 from DB3 
under Constructability limit state loading for deck placement condition 
 
 
 
Figure 4.35 Normalized load versus vertical displacement at mid span of G4 from DB6 
under Constructability limit state loading for deck placement condition 
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Figure 4.36 Vertical displacement along span of G2 from DB1 under factored Service II 
limit state load  
 
 
 
Figure 4.37 Vertical displacement along span of G3 from DB3 under factored Service II 
limit state load 
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Figure 4.38 Vertical displacement along span of G4 from DB6 under factored Service II 
limit state load 
 
 
 
Figure 4.39 Cross section rotation along span of G2 from DB1 under factored Service II 
limit state load  
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Figure 4.40 Cross section rotation along span of G3 from DB3 under factored Service II 
limit state load  
 
 
 
Figure 4.41 Cross section rotation along span of G4 from DB6 under factored Service II 
limit state load  
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Figure 4.42 Flange lateral bending moment in bottom flange along span of G2 from DB1 
under factored Service II limit state load 
 
 
 
Figure 4.43 Flange lateral bending moment in bottom flange along span of G3 from DB3 
under factored Service II limit state load 
 
-2000
-1500
-1000
-500
0
500
1000
1500
2000
2500
3000
3500
0 0.2 0.4 0.6 0.8 1
L
a
te
r
a
l 
b
en
d
in
g
 m
o
m
en
t 
M
L
 (
k
ip
-i
n
ch
) 
Normalized length 
Detailed FE model
Simplified FE model
-1000
-500
0
500
1000
1500
2000
0 0.2 0.4 0.6 0.8 1
L
a
te
r
a
l 
b
en
d
in
g
 m
o
m
en
t 
M
L
 (
k
ip
-i
n
ch
) 
Normalized length 
Detailed FE models
Simplified FE models
Mod l-D1
Model-S
 
 
 
 
Model-D1 
Model-S 
 
 
 
 
 146 
 
 
Figure 4.44 Flange lateral bending moment in bottom flange along span of G4 from DB6 
under factored Service II limit state load 
 
 
  
Figure 4.45 Normalized load versus vertical displacement at mid span of G2 from DB1 
under Service II limit state loading  
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Figure 4.46 Normalized load versus vertical displacement at mid span of G3 from DB3 
under Service II limit state loading  
 
 
  
Figure 4.47 Normalized load versus vertical displacement at mid span of G4 from DB6 
under Service II limit state loading  
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Figure 4.48 Normalized load versus vertical displacement at mid span of G2 from DB1 
under Strength I limit state loading  
 
 
 
Figure 4.49 Normalized load versus vertical displacement at mid span of G3 from DB3 
under Strength I limit state loading  
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Figure 4.50 Normalized load versus vertical displacement at mid span of G4 from DB6 
under Strength I limit state loading  
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Mises=48.9ksi
S11=47.6ksi
S12=3.0ksi
 
Figure 4.51 Cross section stresses at mid span of G2 from DB1 without a concrete deck 
under PFBY 
 
(a) Normal stress (b) Shear stress 
(c) Von Mises stress 
 
Mid span stiffener location 
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Mises=39.7ksi
S11=39.7ksi
S12=0.6ksi
 
Figure 4.52 Cross section stresses near mid span of G2 from DB1 without a concrete 
deck under PFBY 
 
 
(a) Normal stress 
(b) Shear stress 
(c) Von Mises stress 
Mid span stiffener location 
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Mises=38.0ksi
S11=36.4ksi
S12=5.0ksi
 
Figure 4.53 Cross section stresses at quarter span of G2 from DB1 without concrete deck 
under PFBY 
 
(a) Normal stress 
(b) Shear stress 
(c) Von Mises stress 
Quarter span stiffener location 
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Mises=19.3ksi
S11=8.3ksi
S12=10.3ksi
  
Figure 4.54 Cross section stresses adjacent to the end of G2 from DB1 without concrete 
under PFBY 
 
(a) Normal stress 
(b) Shear stress 
(c) Von Mises stress 
End bearing stiffener location 
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Mises=50ksi
S22=51.6ksi
S12=2ksi
S22=~51.2ksi
S12=6.3~7.5ksi
S11=2~3.7ksi
S11=12~15ksi
S22=0.5~3ksi
S11=51.4ksi
S11=0.5~1.5ksi
S12=about 0.5ksi
S12=about 0.5ksi
S22=49~50ksi
 
 
Figure 4.55 Cross section stresses at mid span of G2 from DB1 without concrete deck 
under PFU 
 
(a) Normal stress 
(b) Shear stress 
(c) Von Mises stress 
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Mises=50ksi
S22=49.4~50ksi
S12=0~0.25ksi
S11=0~0.3ksi
S11=0~0.4ksi
S12=0.4~0.9ksi
S22=49.9~50ksi
 
 
Figure 4.56 Cross section stresses near mid span of G2 from DB1 without concrete deck 
under PFU 
 
 
 
(a) Normal stress 
(b) Shear stress (c) Von Mises stress 
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S12=2.0ksi
S22=45.4ksi
Mises=45.4ksi
 
Figure 4.57 Cross section stresses at mid span of G3 from DB3 without concrete deck 
under PFBY 
 
(a) Normal stress 
(b) Shear stress 
(c) Von Mises stress 
Mid span stiffener location 
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S12=0.6ksi
S22=41.2ksi
Mises=41.1ksi
 
 
Figure 4.58 Cross section stresses near mid span of G3 from DB3 without concrete deck 
under PFBY 
 
 
(a) Normal stress 
(b) Shear stress 
(c) Von Mises stress 
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S12=4.6ksiS22=34.3ksi
Mises=34.8ksi
  
 
Figure 4.59 Cross section stresses at quarter-span of G3 from DB3 without concrete deck 
under PFBY 
 
(a) Normal stress 
(b) Shear stress 
(c) Von Mises stress 
Quarter span stiffener location 
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S12=7.2ksiS22=4.5ksi
Mises=13.1ksi
  
Figure 4.60 Cross section stresses adjacent to the end of G3 from DB3 without concrete 
deck under PFBY 
 
(a) Normal stress 
(b) Shear stress 
(c) Von Mises stress 
End bearing stiffener location 
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S12=1.5~8.8ksi
S22=51.5~54.2ksi
Mises=50ksi
S11=0.5~2.0ksi
S11=8.4~10.4ksi
S11=49.2~51.9ksi
S22=48.95~50.3ksiS22=0.4~4ksi
S11=1.7ksi
S22=50.8ksi
S12=1.2ksi
 
 
Figure 4.61 Cross section stresses at mid span of G3 from DB3 without concrete deck 
under PFU 
 
(a) Normal stress 
(b) Shear stress (c) Von Mises stress 
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S12=1.0~1.5ksi
S22=48.9~49.96ksi
Mises=50ksi
S11=49.3~50.1ksi
S11=0~0.5ksi
S22=0~0.35ksi
S12=1.2~2ksi
 
Figure 4.62 Cross section stresses near mid span of G3 from DB3 without concrete deck 
under PFU 
 
 
(a) Normal stress 
(b) Shear stress 
(c) Von Mises stress 
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S12=2.7ksi
S22=46.8ksi
Mises=47.6ksi
 
 
Figure 4.63 Cross section stresses at mid span of G4 from DB6 without concrete deck 
under PFBY 
 
(a) Normal stress (b) Shear stress 
(c) Von Mises stress 
Mid span stiffener location 
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S12=0.7ksiS22=34.5ksi
Mises=34.5ksi
  
Figure 4.64 Cross section stresses near mid span of G4 from DB6 without concrete deck 
under PFBY 
 
(a) Normal stress 
(b) Shear stress 
(c) Von Mises stress 
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S12=3.3ksi
S22=34.7ksi
Mises=35.5ksi
  
Figure 4.65 Cross section stresses at quarter span of G4 from DB6 without concrete deck 
under PFBY 
 
(a) Normal stress 
(b) Shear stress 
(c) Von Mises stress 
Quarter span stiffener location 
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S12=7.4ksiS22=3.7ksi
Mises=13.2ksi
  
 
Figure 4.66 Cross section stresses adjacent to the end of G4 from DB6 without concrete 
deck under PFBY 
 
 
(a) Normal stress 
(b) Shear stress 
(c) Von Mises stress 
End bearing stiffener location 
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S12=2.8~7.3ksi
S22=50.5~55.3ksi
Mises=50ksi
S11=13.0~16.0ksi
S22=47.4~53.0ksi
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S12=1.3~1.9~1.8ksi
 
Figure 4.67 Cross section stresses at mid span of G4 from DB6 without concrete deck 
under PFU 
 
(c) Von Mises stress 
(a) Normal stress 
(b) Shear stress 
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S11=48~49.9ksi
S22=47.4~49.8ksi
Mises=49~50ksi
S22=0~0.4ksi
S11=0~0.3ksi
S12=2.6~3.8ksi
S12=2.2~2.9ksi
 
Figure 4.68 Cross section stresses near mid span of G4 from DB6 without concrete deck 
under PFU 
 
(c) Von Mises stress 
(a) Normal stress 
(b) Shear stress 
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S12=1.07ksi
S22=48.0ksi
Mises=47.8ksi
 
 
Figure 4.69 Cross section stresses at mid span of G2 from DB1 with concrete deck under 
PFBY 
 
 
(c) Von Mises stress 
(a) Normal stress 
(b) Shear stress 
Mid span stiffener location 
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S12=0.3~3.5ksi
S22=51~52.5ksi
Mises=50ksi
S11=3.3~6.5ksi
 
 
Figure 4.70 Cross section stresses at mid span of G2 from DB1 with concrete deck under 
PFU 
 
(c) Von Mises stress 
(a) Normal stress 
(b) Shear stress 
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S12=0.85~3.4ksi
S22=49.4~50.2ksi
Mises=50ksi
S11=0~0.3ksi
 
Figure 4.71 Cross section stresses near mid span of G2 from DB1 with concrete deck 
under PFU 
 
(c) Von Mises stress 
(a) Normal stress 
(b) Shear stress 
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S12=about 1.2ksi
S22=50.2ksi
Mises=49.8ksi
 
 
Figure 4.72 Cross section stresses at mid span of G3 from DB3 with concrete deck under 
PFBY 
 
  
(c) Von Mises stress 
(a) Normal stress 
(b) Shear stress 
Mid span stiffener location 
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S12=1.6ksi
S22=52ksi
Mises=50ksi
S22=0~5.6ksi
 
Figure 4.73 Cross section stresses at mid span of G3 from DB3 with concrete deck under 
PFU 
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S12=0~0.3ksi
S22=49.9~50ksi
Mises=50ksi
S11=0~0.25ksi
 
Figure 4.74 Cross section stresses near mid span of G3 from DB3 with concrete deck 
under PFU 
 
 
(c) Von Mises stress 
(a) Normal stress 
(b) Shear stress 
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S12=1~2.7ksi
S22=49.8ksi
Mises=49.6ksi
 
 
Figure 4.75 Cross section stresses at mid span of G4 from DB6 with concrete deck under 
PFBY 
 
(c) Von Mises stress 
(a) Normal stress 
(b) Shear stress 
Mid span stiffener location 
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S12=1~4ksi
S22=52.7ksi
Mises=50ksi
S11=0~7ksi
 
Figure 4.76 Cross section stresses at mid span of G4 from DB6 with concrete deck under 
PFU 
 
(c) Von Mises stress 
(a) Normal stress 
(b) Shear stress 
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S12=0~0.5ksi
S22=49.9~50ksi
Mises=50ksi
S11=0~0.2ksi
 
Figure 4.77 Cross section stresses near mid span of G4 from DB6 with concrete deck 
under PFU  
 
 
(c) Von Mises stress 
(a) Normal stress 
(b) Shear stress 
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Figure 4.78 Normalized load versus vertical displacement at mid span of G2 from DB1 
under Constructability limit state loading for deck placement condition 
 
 
 
Figure 4.79 Normalized load versus vertical displacement at mid span of G2 from DB2 
under Constructability limit state loading for deck placement condition 
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Figure 4.80 Normalized load versus vertical displacement at mid span of G3 from DB3 
under Constructability limit state loading for deck placement condition 
 
 
 
Figure 4.81 Normalized load versus vertical displacement at mid span of G3 from DB4 
under Constructability limit state loading for deck placement condition 
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Figure 4.82 Normalized load versus vertical displacement at mid span of G3 from DB5 
under Constructability limit state loading for deck placement condition 
 
 
 
Figure 4.83 Normalized load versus vertical displacement at mid span of G4 from DB6 
under Constructability limit state loading for deck placement condition 
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Figure 4.84 Normalized load versus vertical displacement at mid span of G4 from DB7 
under Constructability limit state loading for deck placement condition 
 
 
 
Figure 4.85 Normalized load versus vertical displacement at mid span of G4 from DB8 
under Constructability limit state loading for deck placement condition 
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Figure 4.86 Normalized load versus vertical displacement at mid span of G2 from DB1 
under Service II limit state loading 
 
 
 
Figure 4.87 Normalized load versus vertical displacement at mid span of G2 from DB2 
under Service II limit state loading 
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Figure 4.88 Normalized load versus vertical displacement at mid span of G3 from DB3 
under Service II limit state loading 
 
 
 
Figure 4.89 Normalized load versus vertical displacement at mid span of G3 from DB4 
under Service II limit state loading 
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Figure 4.90 Normalized load versus vertical displacement at mid span of G3 from DB5 
under Service II limit state loading 
 
 
Figure 4.91 Normalized load versus vertical displacement at mid span of G4 from DB6 
under Service II limit state loading 
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Figure 4.92 Normalized load versus vertical displacement at mid span of G4 from DB7 
under Service II limit state loading 
 
 
 
Figure 4.93 Normalized load versus vertical displacement at mid span of G4 from DB8 
under Service II limit state loading 
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Figure 4.94 Normalized load versus vertical displacement at mid span from DB1 under 
Strength I limit state loading 
 
 
Figure 4.95 Normalized load versus vertical displacement at mid span from DB2 under 
Strength I limit state loading 
 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
0 5 10 15 20 25 30 35 40
N
o
rm
a
li
ze
d
 L
o
a
d
 
Vertical displacement (inch) 
G2
G1
1.25Dc 
1.25Dc+1.5Dw 
1.25Dc+1.5Dw+1.75LL 
1.25Dc+1.5Dw+5.57LL 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
0 5 10 15 20 25 30 35 40
N
o
rm
a
li
ze
d
 L
o
a
d
 
Vertical displacement  (inch) 
G1
G2
1.25Dc 
1.25Dc+1.5Dw 
1.25Dc+1.5Dw+1.75LL 
1.25Dc+1.5Dw+5.87LL 
 186 
 
 
Figure 4.96 Normalized load versus vertical displacement at mid span from DB3 under 
Strength I limit state loading 
 
 
 
Figure 4.97 Normalized load versus vertical displacement at mid span from DB4 under 
Strength I limit state loading 
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Figure 4.98 Normalized load versus vertical displacement at mid span from DB5 under 
Strength I limit state loading 
 
 
 
Figure 4.99 Normalized load versus vertical displacement at mid span from DB6 under 
Strength I limit state loading 
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Figure 4.100 Normalized load versus vertical displacement at mid span from DB7 under 
Strength I limit state loading 
 
 
 
Figure 4.101 Normalized load versus vertical displacement at mid span from DB8 under 
Strength I limit state loading 
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Figure 4.102 Vertical displacement at mid span versus L/R 
 
 
 
Figure 4.103 Cross section rotation at mid span versus L/R 
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Figure 4.104 Maximum warping normal stress in top flange versus L/R 
 
 
 
Figure 4.105  Primary bending moment at mid span versus L/R 
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(a)  I-section                        (b) TFG 2                         (c) TFG1 
Figure 4.106 Undeformed and deformed shapes of cross sections near mid span  
 
 
 
Figure 4.107 Vertical displacement along span of G3 from B3 with TFG1s and TFG2s 
under factored Constructibility limit state load for deck placement condition 
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Figure 4.108 Cross section rotation along span of G3 from B3 using TFG1s and TFG2s 
under factored Constructibility limit state load for deck placement condition 
 
 
 
Figure 4.109 Vertical displacement along span of G3 from B6 with TFG1s and TFG2s 
under factored Constructibility limit state load for deck placement condition 
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Figure 4.110 Cross section rotation along span of G3 from B6 with TFG1s and TFG2s 
under factored Constructibility limit state load for deck placement condition 
 
 
 
Figure 4.111 Vertical displacement along span of G3 from B8 with TFG1s and TFG2s 
under factored Constructibility limit state load for deck placement condition 
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Figure 4.112 Cross section rotation along span of G3 from B8 with TFG1s and TFG2s 
under factored Constructibility limit state load for deck placement condition 
 
 
 
 
Figure 4.113 Flange lateral bending moment in top flange along span of G3 from B3 with 
TFG1s and TFG2s under factored Constructibility limit state load for deck placement 
condition 
 
0.000
0.005
0.010
0.015
0.020
0.025
0.030
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
C
ro
ss
 s
ec
ti
o
n
 r
o
ta
ti
o
n
 (
ra
d
ia
n
) 
Normalized length 
TFG1
TFG2
-1500
-1000
-500
0
500
1000
1500
0 0.2 0.4 0.6 0.8 1
F
la
n
g
e 
la
te
ra
l 
b
en
d
in
g
 m
o
m
en
t 
M
L
  
(k
ip
-i
n
ch
) 
Normalized length 
TFG1
TFG2
 195 
 
 
Figure 4.114 Flange lateral l bending moment in top flange along span of G3 from B6 
with TFG1s and TFG2s under factored Constructibility limit state load for deck 
placement condition 
 
 
 
Figure 4.115 Flange lateral bending moment in top flange along span of G3 from B8 with 
TFG1s and TFG2s under factored Constructibility limit state load for deck placement 
condition 
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Figure 4.116 Normalized load versus vertical displacement at mid span of G3 from B3 
with TFG1s and TFG2s under factored Constructibility limit state load for deck 
placement condition 
 
 
  
Figure 4.117 Normalized load versus vertical displacement at mid span of G3 from B6 
with TFG1s and TFG2s under factored Constructibility limit state load for deck 
placement condition 
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Figure 4.118 Normalized load versus vertical displacement at mid span of G3 from B8 
with TFG1s and TFG2s under factored Constructibility limit state load for deck 
placement condition 
 
 
 
Figure 4.119 Vertical displacement along span of G3 from B3 with TFG1s and TFG2s 
under factored Service II limit state load  
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Figure 4.120 Cross section rotation along span of G3 from B3 with TFG1s and TFG2s 
under factored Service II limit state load 
 
 
 
Figure 4.121 Vertical displacement along span of G3 from B6 with TFG1s and TFG2s 
under factored Service II limit state load 
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Figure 4.122 Cross section rotation along span of G3 from B6 with TFG1s and TFG2s 
under factored Service II limit state load 
 
 
 
Figure 4.123 Vertical displacement along span of G3 from B8 with TFG1s and TFG2s 
under factored Service II limit state load 
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Figure 4.124 Cross section rotation along span of G3 from B8 with TFG1s and TFG2s 
under factored Service II limit state load 
 
 
 
Figure 4.125 Flange lateral bending moment in bottom flange of G3 from B3 with TFG1s 
and TFG2s under factored Service II limit state load 
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Figure 4.126 Flange lateral bending moment in bottom flange of G3 from B6 with TFG1s 
and TFG2s under factored Service II limit state load 
 
 
 
Figure 4.127 Flange lateral bending moment in bottom flange of G3 from B8 with TFG1s 
and TFG2s under factored Service II limit state load 
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Figure 4.128 Normalized load versus vertical displacement at mid span of G3 from B3 
with TFG1s and TFG2s under Service II limit state loading 
 
 
 
Figure 4.129 Normalized load versus vertical displacement at mid span of G3 from B6 
with TFG1s and TFG2s under Service II limit state loading 
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Figure 4.130 Normalized load versus vertical displacement at mid span of G3 from B8 
with TFG1s and TFG2s under Service II limit state loading 
 
 
  
Figure 4.131 Normalized load versus vertical displacement at mid span of G3 from B3 
with TFG1s and TFG2s under Strength I limit state loading 
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Figure 4.132 Normalized load versus vertical displacement at mid span of G3 from B6 
with TFG1s and TFG2s under Strength I limit state loading 
 
 
   
Figure 4.133 Normalized load versus vertical displacement at mid span of G3 from B8 
with TFG1s and TFG2s under Strength I limit state loading 
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Chapter 5:   Behavior of Horizontally Curved TFG1 Bridge 
Systems 
5.1  Introduction 
In Chapter 4, the design criteria used to design curved TFG1 bridges were described 
and validated.  A comparison of individual curved girders with the IG, TFG1, and TFG2 
was conducted, which focuses on showing individual TFG1s have behavior similar to 
individual TFG2s, and it cannot fully show the differences between curved TFG1s and 
IGs. Dong and Sause (2008b) compared the behavior of curved TFG2 system and IG 
system. This work was developed based on that each girder has same cross section 
dimensions for each system, and the TFG2 systems have total girder cross section areas 
similar to those of curved IG systems. The comparisons show the advantages of curved 
TFG2 system, but they cannot give the precise behavior of a designed bridge system 
compared to a design IG bridge system.  In this chapter, the comparisons between curved 
TFG1s and IGs are conducted based on bridges that are designed and satisfy the design 
criteria. 
The behavior of both individual curved TFG1s and assembled curved TFG1 bridge 
systems are investigated and compared with corresponding individual curved IGs and 
assembled curved IG bridge systems. Section 5.2 presents analysis results for the 
behavior of individual curved TFG1s and corresponding IGs. Section 5.3 presents the 
design cases for curved TFG1 bridge systems and corresponding curved IG bridge 
systems based on analyses made using Model-S. Section 5.4 presents validation for these 
  
206 
 
design cases based on analyses made using Model-D1. Section 5.5 compares the behavior 
of curved TFG1 bridge systems and corresponding IG systems based on the design cases. 
Parameters such as horizontal curvature ratio (L/R), the number of interior cross frames, 
the stiffness of the inside girder, and second order effects are studied. Section 5.6 
summarizes the results. 
5.2  Behavior of Individual Girders 
Girders with either the TFG1 or the IG cross sections, as shown in Figure 5.1, are 
considered in the present study. For the cases studied, each girder has a similar cross 
section area (and corresponding weight per unit length) as shown in Table 5.1. Four 
different curvature ratios (L/R, where, L is the span length and R is radius of the 
horizontal curvature) varying from 0.1 to 0.45 are studied. Model-D1 discussed in 
Section 2.3, was used in the analyses.  
The maximum vertical displacement of an individual curved girder occurs at mid 
span. Figure 5.2 shows the vertical displacement at mid span as L/R varies. When L/R is 
small, and the girders are nearly straight, the individual curved TFG1s and IGs have 
similar vertical displacements. For the individual TFG1s, the increase in vertical 
displacement at mid span as L/R increases is small. For the individual curved IGs, 
however, as L/R increases, the vertical displacement at mid span increases significantly. 
When L/R is 0.45, the maximum vertical displacement of the individual curved IG is 
about 10 times that of the individual curved TFG1.  
Figure 5.3 shows the cross section rotation of the individual girders at mid span as 
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L/R varies. Similar to the vertical displacement, the individual curved IGs have much 
larger cross section rotation than the TFG1s, especially when L/R is large. The increase in 
cross section rotation for the TFG1s as L/R increases is notable but is not large.  
The TFG1 sections have larger St.Venant torsional stiffness than the IG sections, so 
the warping normal stress for the individual curved IGs is much larger than that for the 
corresponding TFG1s. Figure 5.4 shows the maximum warping normal stress in the top 
flange as L/R varies. As L/R increases, the IGs have a significant increase in warping 
normal stress. The warping normal stress in the TFG1s does not change significantly. 
Under the self weight of the girder, the maximum warping normal stress of the IG with 
L/R of 0.45 is greater than 25 ksi.  
Since the cross section areas of the individual TFG1s and IGs are similar, the weight 
per unit length of each girder is also similar. The primary bending moment (Mbu) of a 
simply supported beam under uniform load depends on the span and load magnitude. 
Figure 5.5 shows the maximum primary bending moment at mid span as L/R varies. The 
individual curved TFG1s and IGs have identical span lengths and similar cross section 
areas, so the primary bending moments at mid span are similar. 
Figure 5.6 through Figure 5.10 show the flange lateral bending moment along the 
span of girder for girders with different L/R. As L/R increases, the individual curved IGs 
have a significant increase in flange lateral bending moment, but the flange lateral 
bending moment for the TFG1s does not change significantly. This result is similar to the 
result for the warping normal stress, as the warping normal stress (often called flange 
lateral bending stress) is proportional to the flange lateral bending moment.  
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Figure 5.11 shows the normalized load versus the vertical displacement at mid span 
for girders with L/R of 0.45. The normalized load is the total applied load divided by the 
self weight of the girders. The plot is shown for displacements up to 22 inch, equal to 
L/50, a very large displacement. The results show that the maximum load capacity of the 
IG is much smaller than that of the TFG1, and the  displacement of the IG is much larger 
than that of the TFG1 under the same load. Figure 5.12 shows the normalized maximum 
load capacity versus L/R for each girder. The individual curved TFG1s have much larger 
maximum load capacity (up to a displacement of L/50) than the corresponding IGs.  
The results show that individual curved IGs cannot carry their own weight across the 
span without any shoring or bracing within the span, but the TFG1s can carry their own 
weight across the span without any shoring and with small vertical displacement, cross 
section rotation, and warping normal stress. 
5.3  Design Cases  
Curved two-girder and four-girder bridge systems made of TFG1s and IGs were 
designed according to the design criteria discussed in Chapter 4. This section describes 
the design cases that were consider, as follows: 
(1) A one-lane live load is considered for the curved two-girder bridge systems, 
and a two-lane live load is considered for the curved four-girder bridge 
systems; 
(2) Girders are spaced at 12 ft for the curved two-girder bridge systems, and 8 ft 
for the curved four-girder bridge systems; 
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(3) Four types of curved two-girder bridges were designed: (1) 90 ft span, cross 
section depth of 54 inch and curvature ratio (L/R) of 0.45; (2) 90 ft span, cross 
section depth of 54 inch and L/R of 0.3; (3) 90 ft span, cross section depth of 
43 inch and L/R of 0.3; (4) 120 ft span, cross section depth of 72 inch and L/R 
of 0.3; 
(4) For the two-girder bridges, the number of interior cross frames or diaphragms 
(NCF) varies from 1 to 5 for the TFG1 bridges, and from 3 to 7 for the IG 
bridges; for TFG1 bridges with a section depth less than or equal to 54 inch, 
diaphragms were used instead of cross frames; 
(5) Eight types of four-girder bridges are designed: (1) 90 ft span, cross section 
depth of 54 inch and  curvature ratio (L/R) of 0.45; (2) 90 ft span, cross section 
depth of 43 inch and L/R of 0.45; (3) 90 ft span, cross section depth of 54 inch 
and L/R of 0.3; (4) 90 ft span, section depth of 43 inch and L/R of 0.3; (5) 120 
ft span, cross section depth of 72 inch and L/R of 0.45; (6) 120 ft span, cross 
section depth of 72 inch and L/R of 0.3; (7) 120 ft span, cross section depth of 
60 inch and L/R of 0.3; (8) 150 ft span, cross section depth of 90 inch and L/R 
of 0.2;  
(6) For the four-girder bridges, the number of interior cross frames or diaphragms 
(NCF) varies from 3 to 7 for the TFG1 and IG bridges; for TFG1 bridges with 
a section depth less than equal to 54 inch, diaphragms were used instead of 
cross frames; 
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(7) For the TFG1s, the largest tube that was considered, is 20x12x0.581 according 
to the standard (HSS) tube sizes listed in the American Institute of Steel 
Construction (AISC) Steel Construction Manual (2005); 
(8) The thickness of concrete deck for the curved-two girder bridge systems is 9.5 
inch, and 8 inch for the curved four-girder bridge systems. 
Table 5.2 and Table 5.3 summarize this information about the design cases for the 
curved two-girder and four-girder bridge systems. For the two-girder bridges, a total of 8 
cases were designed for the TFG1 bridges and a total of 9 cases were designed for the IG 
bridges. For the four-girder bridges, a total of 20 cases were designed for the TFG1 
bridges and a total of 21 cases were designed for the IG bridges. 
For the designs, ASTM A709 grade 50 steel was used for the web and bottom flange 
plates and ASTM A500 grade C steel was used for the tubular flanges. The yield stress 
for the steel is 50 ksi. The deck concrete is 4.5 ksi.  
5.3.1  Geometry of design cases 
Table 5.4 through Table 5.7 present the cross section dimensions of each girder for 
each bridge system designed for each design case. 
5.3.2  Constructibility limit state (deck placement condition) 
The Constructability limit state for each curved bridge system under the deck 
placement condition was checked using the criteria in Section 4.2. 
Table 5.8 (TFG1s) and Table 5.9 (IGs) show the flange stress results according to the 
design criteria for the Constructibility limit state for the curved two-girder systems under 
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the deck placement condition. The results show that all the two-girder systems satisfy the 
design criteria. 
Table 5.14 (TFG1s) and Table 5.15 (IGs) show the flange stress results according to 
the design criteria for the Constructibility limit state for the curved four-girder systems 
under the deck placement condition. The results show that all the four-girder systems 
satisfy the design criteria. 
5.3.3  Service II Limit States 
The Service II limit state for each curved bridge system was checked using the 
criteria discussed in Section 4.2. 
Table 5.10 (TFG1s) and Table 5.11 (IGs) show the flange stress results according to 
the design criteria for the Service II limit state for the curved two-girder systems. The 
results show that all the two-girder systems satisfy the design criteria. 
Table 5.16 (TFG1s) and Table 5.17 (IGs) show the flange stress results according to 
the design criteria for the Service II limit state for the curved four-girder systems. The 
results show that all the four-girder systems satisfy the design criteria. 
5.3.4  Strength I Limit States 
The Strength I limit state for each curved bridge system was checked using the 
criteria discussed in Section 4.2. 
Table 5.12 (TFG1) and Table 5.13 (IGs) show the results according to the design 
criteria for the Strength I limit state for the curved two-girder systems.  The results show 
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that all the designed two-girder systems satisfy the design criteria. 
Table 5.18 (TFG1s) and Table 5.19 (IGs) show the results according to the design 
criteria for the Strength I limit state loading for the curved four-girder systems. The 
results show that all the four-girder systems satisfy the design criteria. 
5.4  Validation of Design Cases 
The curved bridges designed for the various design cases described in the previous 
section were designed based on analyses using the simplified FE model (Model-S). In 
addition, the design criteria from the AASHTO LRFD Bridge Design Specifications 
(2010), were used to design the TFG1s based on results from Dong and Sause (2008b); 
however, the application of design criteria to curved TFG1 bridge systems has not been 
fully validated. To evaluate the applicability of the design criteria, a detailed FE model 
(Model-D1) was made for each bridge. As discussed in Section 4.3, residual stresses have 
a small effect on the behavior of a TFG1 before significant yielding occurs in a curved 
TFG1 bridge system, and residual stresses also have a small effect on the maximum load 
capacity for a curved TFG1 bridge system. Therefore, the effects of residual stresses are 
not included in the FE models for TFG1s used for the results presented in this chapter. 
For curved TFG1 bridge systems, bridges that have 3 interior cross frames or 
diaphragms (NCF=3) were validated using Model-D1; for curved IG bridge systems, the 
bridges that have 5 interior cross frames (NCF=5) were validated using Model-D1. The 
modified Riks method in Abaqus was used to determine the maximum load capacity of 
the curved bridge systems from nonlinear load-displacement analysis using Model-D1. 
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5.4.1  Constructibility limit state (deck placement condition) 
The factored Constructibility limit state load was applied in these FE analyses, and 
scaled up to the maximum load capacity. The load corresponding to the maximum load 
capacity is defined as PCLI. Figure 5.13 through Figure 5.34 show the normalized load 
versus the vertical displacement of each girder at mid span for each bridge. The 
normalized load shown in the figures is the total applied load divided by the total factored 
Constructibility limit state load. The results show that each bridge satisfies the intent of 
the constructability design criteria (linear up to the factored Constructibility limit state 
load), and has a significant margin of safety for the Constructiblity limit state load.  
5.4.2  Service II Limit States 
The factored Service II limit state load was applied in these FE analyses, and scaled 
up to the maximum load capacity. The load corresponding the maximum load capacity is 
defined as DC + DW + LL, where  is the load factor for LL. Figure 5.35 through 
Figure 5.56 show the normalized load versus the vertical displacement of each bridge at 
mid span. The normalized load shown in the figures is the total applied load divided by 
the total factored Service II limit state load. As observed in Chapter 4, the FE analysis 
fails to converge before the actual maximum load capacity is reached. However, the 
results shown in these figures provide a low bound to the actual maximum load capacity. 
The results show each bridge satisfies the intent of the Service II design criteria (linear up 
to the factored Service II limit state load), and has a significant strength margin over the 
factored Service II limit state load. 
SLI SLI
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5.4.3  Strength I Limit States 
The factored Strength I limit state load was applied in these FE analyses, and scaled 
up to the maximum load capacity. Figure 5.57 through Figure 5.78 show the normalized 
load versus the vertical displacement of each girder at mid span. The normalized load 
shown in the figures is the total applied load divided by the total factored Strength I limit 
state load. As observed in Chapter 4, the FE analysis fails to converge before the actual 
maximum load capacity is reached. However, the results shown in these figures provide a 
low bound to the actual maximum load capacity. The results show each bridge has a 
significant strength margin over the Strength I limit state load. Thus, these bridges satisfy 
the intent of the design criteria. 
5.5   Comparison between Curved TFG1 Systems and Corresponding IG 
Systems 
5.5.1  Bridge girder size versus number of interior cross frames 
Table 5.4 through Table 5.7 show the girder cross section size (indicated by the cross 
section area) is different as the number of interior cross frames varies. A comparison of 
the cross section areas for the curved TFG1s and IGs is made as follows. 
Figure 5.79 through Figure 5.81 compare the cross section area of G2 for the curved 
two-girder bridges, plotted versus the number of interior cross frames. Results for curved 
TFG1 bridge systems and curved IG bridge systems are shown in the figures. For the 
curved two-girder systems, the inside girder (G1) carries much less load than the outside 
girder, and its design is usually controlled by cross section proportion limits from 
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AASHTO (2010) rather than by the stress limits of the criteria given in Section 4.2. 
Therefore, this discussion focuses on G2. The results from Figure 5.79 through Figure 
5.81 indicate that G2 of each TFG1 system is significantly lighter than G2 of the 
corresponding IG system when the same number of interior cross frames is used. When 
cross section areas of the girders are similar, the TFG1 system requires at least one less 
interior cross frame compared to the corresponding IG system. 
Figure 5.82 through Figure 5.86 present the girder cross section size (indicated by 
the total cross section area of the four girders) for the curved four-girder bridges, plotted 
versus the number of interior cross frames. As shown in Figure 5.82 and Figure 5.83, for 
the 90 ft span, the total cross section area of the curved TFG1 system is smaller (and the 
TFG1 system is much lighter in weight) than that of the corresponding IG system when 
three interior cross frames are used. The differences in cross section area are small when 
four or more interior cross frames are used. As shown in Figure 5.84 and Figure 5.85, for 
the 120 ft span, each TFG1 system has a smaller total section area than that of the 
corresponding IG system with the same number of interior cross frames. As shown in 
Figure 5.86, for the 150 ft span, the curved TFG1 bridge has a total section area similar to 
that of the IG system, when the TFG1 system has two fewer interior cross frames. From 
the results above, for bridges with fewer interior cross frames and longer spans, curved 
TFG1 systems require less steel material than the corresponding IG systems.  
5.5.2  Second order effects 
For a curved simply supported bridge girder under a uniform vertical load, the 
maximum primary bending moment occurs at mid span. Without second order effects, the 
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maximum flange lateral bending moment (which is proportional to the maximum 
warping normal stress on the cross section) occurs at a cross section where the girder is 
connected to a cross frame near mid span (labelled MLM in Figure 5.87), as shown in 
Figure 5.87. During construction, before the curved girder system is composite with a 
concrete deck, the torsion on the system due to vertical loads is resisted by the torsional 
stiffness of the girder system (girders and cross frames). The combination of cross section 
rotation (due to torsion) and primary bending produces an overall lateral bending of the 
girders when second order effects are included (as shown in Figure 5.88 and Figure 5.89). 
When second order effects are included, the maximum flange lateral bending moment 
occurs between two adjacent cross frames near mid span (labelled MLBC in Figure 5.89). 
The ratio of MLBC to MLM is 0.8 (Figure 5.87) from first order analysis, and is 3.0 from 
second order analysis (Figure 5.89), showing the trend of increasing MLBC in the top 
flange when second order effects are included.  
Comparisons of the second order effects are made for curved TFG1 bridge systems 
and corresponding IG systems with the same span and L/R ratio, similar cross section 
areas. Table 5.20 presents the ratio of MLBC to MLM for each bridge. A large ratio of MLBC 
to MLM indicates large second order effects. For the curved two-girder bridge systems, the 
IG systems have larger ratios (3.0, 2.3, 2.6) than the TFG1 systems (1.2, 1.1, 1.9). For the 
curved four-girder bridge systems, the IG systems have ratios larger than 1.0 suggesting 
large second order effects, while the TFG1 systems have ratios smaller than 1.0 
(suggesting there is no significant second order effect). 
 Figure 5.90 through Figure 5.92 compare the flange lateral bending moment (ML) in 
  
217 
 
the top flange of curved TFG1 systems and corresponding IG systems for two-girder 
systems before they are composite with a concrete deck. The figure shows that for both 
two-girder systems, the largest flange lateral bending moment is MLBC.  
Figure 5.93 through Figure 5.100 compare the flange lateral bending moment (ML) in 
the top flange of curved TFG1 systems and corresponding IG systems for the four-girder 
systems before they are composite with a concrete deck. For the cases with a shorter span 
(90 ft) shown in Figure 5.93 through Figure 5.96, the second order effects are not large. 
For the longer span systems (120 ft and 150 ft) shown in Figure 5.97 through Figure 
5.100, the IG system has more significant second order effects, while the TFG1 system 
has no significant second order effects with the ratio of MLBC to MLM  close to 1.0.  
Comparisons of the flange lateral bending moment show that the magnitude of the 
flange lateral bending moment for curved TFG1 systems is similar to that for the IG 
systems. The flange lateral bending section stiffness (represent by the flange lateral 
bending moment of inertia or section modulus) for the TFG1s is significantly larger than 
that of the IGs, so the warping normal stresses of the curved TFG1s are less than those of 
the IGs, as shown for example in Figure 5.101 and Figure 5.102. For the curved two-
girder bridge system (Figure 5.101),  the warping normal stress in the top flange of G2 
for the TFG1 systems is much less than that for the corresponding IG system (the 
maximum warping normal stress is 7 ksi for the TFG1, and 14 ksi for the IG). Similar 
results are observed for a curved four-girder bridge system as shown in Figure 5.102. 
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5.5.3  Effect of the stiffness of inside girder 
For a curved two-girder bridge system, the inside girder (G1) carries much less 
vertical force than the outside girder (G2). During the design study, it was found that the 
stiffness (both bending stiffness and torsional stiffness) of G1 has some effect on the 
calculated stress in G2 used to design G2. To study the effect, rather than redesigning G1, 
Young’s modulus (and the corresponding shear modulus) for G1 was varied to change 
both the bending stiffness and torsional stiffness of G1. The cross section dimensions of 
the girders and the loads applied were kept constant. Figure 5.103 and Figure 104 present 
the relationship between the normalized stiffness of G1 and the normalized maximum 
normal stress in G2 under the factored Constructibility limit state load. The stress results 
are normalized by the maximum normal stress from the case with the stiffness of G1 
based on Young’s modulus of 200 GPa and the cross sections as described earlier (i.e., 
2TFG1-1, 2IG-1). The stiffness of G1 is normalized by that of G1 with Young’s modulus 
of 200 GPa. Therefore, the values (1.0, 1.0) represent the actual system design. The 
figures show that for the TFG1 system, as the stiffness of G1 increases, the maximum 
normal stress in G2 decreases slightly.  For example, when the stiffness increases by a 
factor of 3, the stress is reduced by only 7%. For the IG system, the stiffness of G1 has a 
small effect on the maximum normal stress in G2, and increasing the stiffness of G1 
slightly increases the stress in G2. 
 For curved four-girder bridge systems, the stiffness of the inside girder (G1) has 
quite a small effect on the stress in the outside girder (G4), as shown in Figure 5.105 
through Figure 108.  In Figure 5.105, the maximum normal stress in G4 is increased by 2% 
when TFG1s are used as the stiffness of G1 is increased by a factor of 3; when IGs are 
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used, the increase in stress in G4 is about 4%. Similar results are observed in Figure 
5.106 through Figure 5.108. Therefore, the stiffness of G1 has only a small effect on the 
maximum normal stress in G4.  It is suggested that the cross section dimensions of the 
inside girder of curved TFG1 systems can be designed to satisfy the required section 
proportion limits from AASHTO (2010) and then checked using the stress-based design 
criteria without significant concern for the effect of the stiffness of G1 on the stresses in 
other girders in the system. 
5.5.4  Behavior of curved bridge system without concrete deck (non-composite) 
Studies of bridge girder systems before the girders are composite with a concrete 
deck were conducted to simulate the deck placement condition during construction (using 
the factored Constructibility limit state load, which is equal to 1.25DC + 1.75LLC). Figure 
5.109 through Figure 5.119 show the vertical displacement along the span of the outside 
girder under the factored Constructibility limit state load applied to the girder system 
(girders and cross frames). The figures show that curved TFG1 bridge systems and the IG 
systems have similar vertical displacements under the factored Constructibility limit state 
load.  
Model-D1 was used to analyze the behavior of the curved TFG1 and IG systems 
under the deck placement condition (before the girders are composite with a concrete 
deck). The modified Riks method in Abaqus was used in nonlinear load-displacement 
analysis to determine the maximum load capacity of the curved bridge systems. The 
factored Constructibility limit state load is applied, and scaled up to the maximum load 
capacity in the FE analyses. Figure 5.120 through Figure 5.130 present the load versus 
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the vertical displacement at mid span of the outside girder for curved two-girder (G2) and 
four-girder bridge systems (G4) with IGs or TFG1s.  
The results show that the IG system has a smaller maximum load capacity than the 
TFG1 system for the curved two-girder systems, but the differences are small. For curved 
four-girder systems, the TFG1 systems and the IG systems have similar maximum load 
capacity (when the bridge system is not composite with a concrete deck).  
5.5.5  Behavior of curved bridge system with concrete deck (composite) 
The curved bridge girder systems are composite with the concrete deck in the final 
constructed condition. Therefore, the live load is applied to a system of curved steel 
girders with a composite concrete deck under service conditions. Figure 5.131 through 
Figure 5.141 show the vertical displacement along the span of the outside girder under 
the factored Service II limit state load. The results show that the TFG1 systems and the 
corresponding IG systems have similar vertical displacements under the factored Service 
II limit state load.  
Detailed FE models were used to analyze the behavior of the curved TFG1 and IG 
systems under service conditions. The modified Riks method in Abaqus was used in 
nonlinear load-displacement analysis to determine the maximum load capacity of the 
curved bridge systems after the girders are composite with a concrete deck. The factored 
Service II limit state load is applied, and is scaled up to the maximum load capacity in the 
FE analyses. Figure 5.142 through Figure 5.152 present the load versus the vertical 
displacement at mid span of the outside girder for the curved two-girder (G2) and four-
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girder bridge systems (G4) with IGs or TFG1s. The results show that with a composite 
concrete deck, the behavior of curved TFG1 systems and the corresponding IG systems 
are similar. 
5.6  Summary of Results 
In this chapter, the behavior of individual curved TFG1s and assembled curved 
TFG1 bridge systems has been presented and compared with the behavior of 
corresponding individual conventional I-girders (IGs) and assembled conventional I-
girder (IG) systems. The comparisons of the assembled curved girder systems are based 
on bridges designed to satisfy the design criteria for TFG2s recommended by Dong and 
Sause (2008b) and the AASHTO LRFD Bridge Design Specifications (AASHTO 2010). 
Compared to the curved IG systems, the TFG1 systems have several advantages: 
(1) Individual curved TFG1s develop much less vertical displacement, cross 
section rotation, warping normal stress, and total normal stress than 
corresponding individual IGs under vertical loading equivalent to their own 
weight. Simple span individual curved TFG1s do not require any temporary 
shoring or bracing within the span during girder erection. 
(2) For the same span and curvature ratio, the curved TFG1 system designs have 
lighter girder cross sections (or require fewer interior cross frames) than 
corresponding IG system designs. 
(3) The stiffness of the inside girder has only a small effect on the maximum 
normal stress in the outside girder under vertical loads. Thus, the inside girder 
can be designed to satisfy section proportion limits from AASHTO (2010) and 
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then can be checked using the stress-based design criteria without significant 
concern for the effects of the inside girder stiffness on the stresses in other 
girders.  
(4) For bridges under construction conditions, when the girders are not composite 
with a concrete deck, a curved IG system has greater flange lateral bending due 
to significant second order effects than the corresponding curved TFG1 system, 
especially for two-girder bridge systems. The second order effects are notable 
for curved two-TFG1 systems, but are small for curved four-TFG1 systems. 
Due to the second order effects, the critical section may not be at the mid span 
cross section. 
(5) For bridges under construction conditions, when the girders are not composite 
with a concrete deck, the vertical displacements of curved TFG1 systems and 
corresponding IG systems with the same span and curvature ratio are similar. 
For curved two-girder systems, however, a TFG1 system has a slightly larger 
maximum load capacity than the corresponding IG system. For four-girder 
bridge systems, the maximum load capacities of the TFG1 systems and IG 
systems are similar.  
(6) For bridges in the final constructed condition, when the girders are composite 
with a concrete deck, curved TFG1 systems have vertical displacements and 
maximum load capacities similar to those of the corresponding IG systems.  
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Table 5.1 Design cases for individual curved girders 
Girder 
Span Top flange Bottom flange Web Area Ix 
(ft) (inch) (inch) (inch) (inch
2
) (inch
4
) 
IG 90 12x1 12x1 131.5x1.3 53 25347 
TFG1 90 12x8x0.349 12x1.25 101.6x1.3 51 20649 
 
 
 
Table 5.2 Design cases for curved two-girder bridge systems 
L  
(ft) 
L/R 
Section depth 
(inch) 
NCF 
3 4 5 7 
90 
0.45 54 TFG1/IG TFG1/IG TFG1/IG IG 
0.3 54 TFG1/IG TFG1/IG TFG1/IG IG 
0.3 72 TFG1 - IG - 
 
 
 
Table 5.3 Design cases for curved four-girder bridge system 
L 
(ft) 
L/R 
Section depth 
(inch) 
NCF 
3 4 5 7 
90 
0.45 
54 TFG1/IG TFG1/IG TFG1/IG TFG1/IG 
43 TFG1 - IG - 
0.3 
54 TFG1/IG TFG1/IG TFG1/IG TFG1/IG 
43 TFG1 - IG - 
120 
0.45 72 TFG1/IG TFG1/IG TFG1/IG TFG1/IG 
0.3 
72 TFG1/IG TFG1/IG TFG1/IG TFG1/IG 
60 TFG1 - IG - 
150 0.2 90 TFG1 - IG - 
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Table 5.4 Cross section dimensions for curved two-girder bridge systems using TFG1s 
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Table 5.5 Cross section dimensions for curved two-girder bridge systems with IGs 
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Table 5.6 Cross section dimensions for curved four-girder bridge systems with TFG1s 
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Table 5.6 Cross section dimensions for curved four-girder bridge systems with TFG1s 
(continued) 
 
B
ri
d
g
e 
G
ir
d
er
 
C
en
te
rl
in
e 
sp
an
 L
 
 (
ft
) 
S
ec
ti
o
n
 
d
ep
th
 
(i
n
ch
) 
L
/R
 
N
C
F
 
T
o
p
 f
la
n
g
e 
(i
n
ch
) 
B
o
tt
o
m
 
fl
an
g
e 
(i
n
ch
) 
W
eb
 
(i
n
ch
) 
A
re
a 
(i
n
ch
2
) 
4
T
F
G
1
-6
 
G
1
 
9
0
 
5
4
 
0
.3
 
3
 
1
2
x
8
x
0
.3
4
9
 
1
2
x
1
 
4
5
x
0
.5
 
4
8
 
G
2
 
1
6
x
1
2
x
0
.3
4
9
 
1
6
x
1
 
4
1
x
0
.5
 
5
6
 
G
3
 
1
6
x
1
2
x
0
.3
4
9
 
2
0
x
1
 
4
1
x
0
.5
 
6
0
 
G
4
 
1
6
x
1
2
x
0
.3
4
9
 
2
0
x
1
.1
2
5
 
4
1
x
0
.5
 
6
2
 
4
T
F
G
1
-7
 
G
1
 
9
0
 
5
4
 
0
.3
 
4
 
1
2
x
8
x
0
.3
4
9
 
1
2
x
1
 
4
5
x
0
.5
 
4
8
 
G
2
 
1
4
x
1
2
x
0
.3
4
9
 
1
6
x
1
 
4
1
x
0
.5
 
5
4
 
G
3
 
1
4
x
1
2
x
0
.3
4
9
 
1
8
x
1
 
4
1
x
0
.5
 
5
6
 
G
4
 
1
4
x
1
2
x
0
.3
4
9
 
1
9
x
1
 
4
1
x
0
.5
 
5
7
 
4
T
F
G
1
-8
 
G
1
 
9
0
 
5
4
 
0
.3
 
5
 
1
2
x
8
x
0
.3
4
9
 
1
2
x
0
.7
5
 
4
5
x
0
.5
 
4
5
 
G
2
 
1
4
x
1
2
x
0
.3
4
9
 
1
6
x
1
 
4
1
x
0
.5
 
5
4
 
G
3
 
1
4
x
1
2
x
0
.3
4
9
 
1
8
x
1
 
4
1
x
0
.5
 
5
6
 
G
4
 
1
4
x
1
2
x
0
.3
4
9
 
1
8
x
1
.1
2
5
 
4
1
x
0
.5
 
5
8
 
4
T
F
G
1
-9
 
G
1
 
9
0
 
5
4
 
0
.3
 
7
 
1
2
x
8
x
0
.3
4
9
 
1
2
x
0
.7
5
 
4
5
x
0
.5
 
4
5
 
G
2
 
1
2
x
1
2
x
0
.3
4
9
 
1
4
x
1
 
4
1
x
0
.5
 
5
1
 
G
3
 
1
2
x
1
2
x
0
.4
6
5
 
1
6
x
1
.1
2
5
 
4
1
x
0
.5
 
6
0
 
G
4
 
1
2
x
1
2
x
0
.3
4
9
 
1
8
x
1
.1
2
5
 
4
1
x
0
.5
 
5
7
 
4
T
F
G
1
-1
0
 
G
5
 
9
0
 
4
3
 
0
.3
 
3
 
1
2
x
8
x
0
.3
4
9
 
1
2
x
1
 
3
4
x
0
.3
7
5
 
3
8
 
G
6
 
1
6
x
1
2
x
0
.3
4
9
 
1
8
x
1
.1
2
5
 
3
0
x
0
.3
7
5
 
5
1
 
G
7
 
1
6
x
1
2
x
0
.4
6
5
 
2
0
x
1
.6
2
5
 
2
9
x
0
.3
7
5
 
6
9
 
G
8
 
2
0
x
1
2
x
0
.5
8
1
 
2
1
x
2
.1
2
5
 
2
9
x
0
.3
7
5
 
9
1
 
 
  
228 
 
Table 5.6 Cross section dimensions for curved four-girder bridge systems with TFG1s 
(continued) 
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Table 5.6 Cross section dimensions for curved four-girder bridge systems with TFG1s 
(continued) 
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Table 5.7 Cross section dimensions for curved four-girder bridge systems with IGs 
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Table 5.7 Cross section dimensions for curved four-girder bridge systems with IGs 
(continued) 
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Table 5.7 Cross section dimensions for curved four-girder bridge systems with IGs 
(continued) 
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Table 5.7 Cross section dimensions for curved four-girder bridge systems with IGs 
(continued) 
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Table 5.7 Cross section dimensions for curved four-girder bridge systems with IGs 
(continued) 
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Table 5.8 Flange stress design check for Constructibility limit state for curved two-girder 
bridge systems using TFG1s 
Bridge Girder 
Normal stress in top flange 
(ksi) 
Normal stress in bottom 
flange 
(ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc ff fl ff+fl Fyt 
2TFG1
-1 
G1 -4.66 
-
15.29 
19.95 50 9.75 
27.77 
5.29 24.06 29.35 50 
G2 -31.73 
-
12.29 
44.02 50 35.83 
50.00 
25.93 18.66 44.60 50 
2TFG1
-2 
G1 -13.86 -4.80 18.65 50 13.02 50.00 12.12 15.15 27.27 50 
G2 -36.42 -5.96 42.38 50 38.41 50.00 25.97 12.90 38.87 50 
2TFG1
-3 
G1 -14.35 -4.46 18.81 50 15.84 50.00 13.81 2.88 16.69 50 
G2 -35.89 -6.55 42.43 50 38.07 50.00 27.56 10.46 38.02 50 
2TFG1
-4 
G1 -12.77 -0.39 13.15 50 12.90 50.00 12.89 8.48 21.37 50 
G2 -40.53 -6.20 46.73 50 42.59 50.00 27.03 7.98 35.01 50 
2TFG1
-5 
G1 -21.15 -6.80 27.94 50 23.41 50.00 22.00 14.41 36.41 50 
G2 -37.45 -3.87 41.32 50 38.74 50.00 27.27 9.21 36.48 50 
2TFG1
-6 
G1 -22.57 -4.47 27.04 50 24.06 50.00 29.28 4.05 33.34 50 
G2 -37.39 -4.46 41.85 50 38.88 50.00 27.84 7.39 35.24 50 
2TFG1
-7 
G1 -21.33 -1.69 23.03 50 21.90 50.00 17.90 7.01 24.91 50 
G2 -39.57 -4.87 44.44 50 41.20 50.00 30.95 7.41 38.37 50 
2TFG1
-8 
G1 -13.72 -2.02 15.75 50 14.40 48.24 21.34 33.34 54.68 50 
G2 -37.04 
-
10.76 
47.8 50 40.63 
50.00 
27.85 16.09 43.94 50 
Note: |ff+fl| ≤ Fyc, |ff+(1/3)fl|< Fnc for top flange;  ff+fl ≤ Fyt for bottom flange 
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Table 5.9 Flange stress design check for Constructibility limit state for curved two-girder 
bridge systems using IGs 
Bridge Girder 
Normal stress in top flange 
(ksi) 
Normal stress in bottom flange 
(ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc ff fl ff+fl Fyt 
2IG-1 
G1 -5.35 -7.84 13.19 50 7.96 43.85 3.68 6.84 10.51 50 
G2 -30.57 -16.95 47.52 50 36.22 47.34 24.68 16.78 41.47 50 
2IG-2 
G1 -8.42 -9.36 17.77 50 11.54 38.26 8.43 2.01 10.44 50 
G2 -32.12 -16.02 48.13 50 37.46 49.34 25.59 14.07 39.66 50 
2IG-3 
G1 -6.65 -1.11 7.76 50 7.02 40.65 6.76 8.46 15.22 50 
G2 -33.69 -14.04 47.73 50 38.37 50.00 23.63 0.59 24.22 50 
2IG-4 
G1 -6.83 -2.41 9.23 50 7.63 47.10 6.88 6.53 13.42 50 
G2 -34.39 -12.61 47.00 50 38.59 50.00 24.97 4.37 29.34 50 
2IG-5 
G1 -15.63 -12.20 27.84 50 19.70 34.12 12.46 14.96 27.42 50 
G2 -33.79 -13.90 47.69 50 38.43 46.34 26.24 15.67 41.91 50 
2IG-6 
G1 -16.25 -9.75 26.00 50 19.50 38.88 15.18 2.46 17.64 50 
G2 -32.33 -11.64 43.97 50 36.21 48.70 25.79 10.78 36.58 50 
2IG-7 
G1 -15.05 -7.73 22.79 50 17.63 43.88 14.24 8.82 23.06 50 
G2 -34.29 -11.00 45.29 50 37.96 49.39 25.34 9.48 34.82 50 
2IG-8 
G1 -15.63 -0.69 16.32 50 15.86 47.51 14.56 6.00 20.56 50 
G2 -33.42 -8.59 42.01 50 36.28 50.00 24.90 3.50 28.39 50 
2IG-9 
G1 -8.57 -1.69 10.26 50 9.13 46.88 8.47 9.30 17.77 50 
G2 -33.80 -14.71 48.51 50 38.70 50.00 29.67 13.83 43.50 50 
Note: |ff+fl| ≤ Fyc, |ff+(1/3)fl|< Fnc for top flange;  ff+fl ≤ Fyt for bottom flange 
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Table 5.10 Flange stress design check for Service II limit state for curved two-girder 
bridge systems using TFG1s 
Bridge Girder 
Normal stress in top flange 
(ksi) 
Normal stress in bottom flange 
(ksi) 
ff fl |ff| 0.95Fyf ff fl ff+1/2fl 0.95Fyf 
2TFG1-1 
G1 -5.04 -11.81 5.04 47.5 17.70 2.57 18.99 47.5 
G2 -27.29 -7.19 27.29 47.5 35.77 16.78 44.16 47.5 
2TFG1-2 
G1 -8.96 -3.94 8.96 47.5 28.07 7.23 31.69 47.5 
G2 -31.30 -6.09 31.30 47.5 40.13 13.50 46.88 47.5 
2TFG1-3 
G1 -11.00 -1.81 11.00 47.5 29.11 18.63 38.43 47.5 
G2 -29.79 -3.71 29.79 47.5 41.47 10.39 46.66 47.5 
2TFG1-4 
G1 -9.85 -1.32 9.85 47.5 30.07 15.26 37.70 47.5 
G2 -35.72 -3.20 35.72 47.5 41.53 6.93 45.00 47.5 
2TFG1-5 
G1 -16.49 -5.14 16.49 47.5 34.93 17.00 43.43 47.5 
G2 -31.10 -4.15 31.10 47.5 42.29 8.90 46.74 47.5 
2TFG1-6 
G1 -16.10 -3.20 16.10 47.5 33.75 13.32 40.41 47.5 
G2 -29.59 -2.59 29.59 47.5 41.99 6.62 45.30 47.5 
2TFG1-7 
G1 -16.74 -1.87 16.74 47.5 35.06 10.99 40.55 47.5 
G2 -33.82 -2.66 33.82 47.5 43.74 5.58 46.53 47.5 
2TFG1-8 
G1 -13.93 -4.52 13.93 47.5 24.25 17.38 32.94 47.5 
G2 -35.85 -6.13 35.85 47.5 38.63 13.82 45.54 47.5 
Note: |𝑓𝑓| ≤  0.95𝐹𝑦𝑓 for top flange;  𝑓𝑓 +
𝑓𝑙
2
≤  0.95𝐹𝑦𝑓 for bottom flange 
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Table 5.11 Flange stress design check for Service II limit state for curved two-girder 
bridge systems using IGs 
Bridge Girder 
Normal stress in top flange 
(ksi) 
Normal stress in bottom flange 
(ksi) 
ff fl |ff| 0.95Fyf ff fl ff+1/2fl 0.95Fyf 
2IG-1 
G1 -4.26 -1.44 4.26 47.5 14.86 3.93 16.82 47.5 
G2 -26.19 -15.36 26.19 47.5 37.06 15.29 44.71 47.5 
2IG-2 
G1 -7.10 -4.95 7.10 47.5 25.22 18.9 34.67 47.5 
G2 -28.27 -7.55 28.27 47.5 40.17 12.33 46.33 47.5 
2IG-3 
G1 -4.84 -1.49 4.84 47.5 5.53 0.78 5.92 47.5 
G2 -30.77 -6.36 30.77 47.5 41.61 9.15 46.18 47.5 
2IG-4 
G1 -5.80 -0.20 5.80 47.5 25.97 11.92 31.93 47.5 
G2 -32.01 -3.10 32.01 47.5 42.99 7.42 46.70 47.5 
2IG-5 
G1 -12.38 -12.59 12.38 47.5 30.37 20.58 40.66 47.5 
G2 -28.41 -11.90 28.41 47.5 40.01 14.04 47.03 47.5 
2IG-6 
G1 -13.18 -5.44 13.18 47.5 30.41 14.82 37.83 47.5 
G2 -27.67 -5.55 27.67 47.5 41.10 9.30 45.75 47.5 
2IG-7 
G1 -12.33 -4.02 12.33 47.5 31.50 11.97 37.48 47.5 
G2 -29.88 -5.49 29.88 47.5 42.58 7.39 46.28 47.5 
2IG-8 
G1 -12.49 -1.63 12.49 47.5 31.44 8.45 35.67 47.5 
G2 -30.42 -2.60 30.42 47.5 43.27 4.82 45.68 47.5 
2IG-9 
G1 -9.34 -0.74 9.34 47.5 20.55 3.44 22.27 47.5 
G2 -31.77 -6.47 31.77 47.5 40.99 9.56 45.77 47.5 
Note: |𝑓𝑓| ≤  0.95𝐹𝑦𝑓 for top flange;  𝑓𝑓 +
𝑓𝑙
2
≤  0.95𝐹𝑦𝑓 for bottom flange 
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Table 5.12 Flange strength design check for Strength I limit state for curved two-girder 
bridge systems with TFG1s 
Bridge Girder 
Mu 
(kip-inch) 
fl 
(ksi) 
Sxt 
(inch
3
) 
Mu+(1/3)flSxt 
(kip-inch) 
Mn 
(kip-inch) 
2TFG1-1 
G1 33387 19.6 1134 40800 79400 
G2 127900 9.6 3367 138600 200800 
2TFG1-2 
G1 41100 25.4 1134 50720 79400 
G2 128100 12.1 3000 140200 181800 
2TFG1-3 
G1 41440 20.4 1134 49160 79400 
G2 124500 9.2 2782 133000 170700 
2TFG1-4 
G1 42630 17.1 1134 49100 79400 
G2 128000 7.1 2898 134800 175500 
2TFG1-5 
G1 60860 9.4 1421 65300 98250 
G2 113800 7.2 2503 119800 154200 
2TFG1-6 
G1 54460 14.4 1451 61400 96880 
G2 110400 5.7 2413 115000 149600 
2TFG1-7 
G1 56320 12.0 1451 62120 96880 
G2 113200 5.4 2408 117600 149600 
2TFG1-8 
G1 68510 15.3 2573 81670 180300 
G2 191100 10.0 4976 207700 305900 
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Table 5.13 Flexural strength design check for Strength I limit state for curved two-girder 
bridge systems with IGs 
Bridge Girder 
Mu 
(kip-inch) 
fl 
(ksi) 
Sxt 
(inch
3
) 
Mu+(1/3)flSxt 
(kip-inch) 
Mn 
(kip-inch) 
2IG-1 
G1 18920 7.0 1715 22910 110400 
G2 127800 11.8 3099 140000 173400 
2IG-2 
G1 46800 21.0 1135 54760 90980 
G2 130900 9.0 3074 140100 174300 
2IG-3 
G1 38330 12.0 1135 42850 90980 
G2 132300 7.7 3076 140100 174100 
2IG-4 
G1 46740 14.9 1098 52190 83700 
G2 132600 8.5 2907 140800 163700 
2IG-5 
G1 59560 18.9 1421 68490 98250 
G2 118800 8.2 2778 126300 158000 
2IG-6 
G1 60660 15.0 1465 68000 105500 
G2 115600 6.3 2585 120900 152900 
2IG-7 
G1 52500 9.2 1465 57010 105500 
G2 116500 5.6 2587 121300 152900 
2IG-8 
G1 60860 9.4 1421 65300 98250 
G2 117100 6.2 2479 122200 144400 
2IG-9 
G1 59950 7.5 1135 62800 90980 
G2 185900 6.6 4881 196700 286600 
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Table 5.14 Flange stress design check for Constructibility limit state for curved four-
girder bridge systems with TFG1s 
Bridge Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc ff fl ff+fl Fyt 
4TFG1-1 
G1 -11.02 -2.91 13.93 50 11.99 50.00 10.15 11.61 21.76 50 
G2 -19.27 -3.19 22.46 50 20.33 50.00 16.64 10.82 27.46 50 
G3 -27.18 -6.59 20.6 50 29.38 50.00 22.03 12.52 34.55 50 
G4 -36.94 -11.28 48.22 50 40.7 50.00 23.72 12.33 36.05 50 
4TFG1-2 
G1 -12.17 -0.28 12.45 50 12.26 50.00 13.34 2.17 15.5 50 
G2 -27.56 -4.57 32.14 50 29.09 50.00 18.74 11.8 30.55 50 
G3 -29.2 -4.91 34.11 50 30.84 50.00 23.09 10.41 33.5 50 
G4 -38.85 -7.89 46.75 50 41.48 50.00 28.67 12.01 40.68 50 
4TFG1-3 
G1 -11.54 -2.69 14.23 50 12.44 50.00 11.17 7.09 18.27 50 
G2 -26.68 -4.07 30.75 50 28.04 50.00 17.37 7.00 24.37 50 
G3 -28.67 -2.88 31.55 50 29.63 50.00 24.72 8.88 33.6 50 
G4 -40.14 -5.65 45.79 50 42.02 50.00 28.78 8.66 37.44 50 
4TFG1-4 
G1 -11.54 -2.69 14.23 50 12.44 50.00 11.17 7.09 18.27 50 
G2 -26.68 -4.07 30.75 50 28.04 50.00 17.37 7.00 24.37 50 
G3 -28.67 -2.88 31.55 50 29.63 50.00 24.72 8.88 33.6 50 
G4 -40.14 -5.65 45.79 50 42.02 50.00 28.78 8.66 37.44 50 
4TFG1-5 
G1 -18.59 -3.81 22.4 50 19.86 50.00 15.64 12.85 28.49 50 
G2 -26.31 -3.69 30 50 27.54 50.00 18.91 9.50 28.41 50 
G3 -33.37 -6.3 39.67 50 35.47 50.00 21.38 9.29 30.67 50 
G4 -40.25 -5.4 45.65 50 42.05 50.00 26.84 10.18 37.02 50 
Note: |ff+fl| ≤ Fyc, |ff+(1/3)fl|< Fnc for top flange;  ff+fl ≤ Fyt for bottom flange 
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Table 5.14 Flange stress design check for Constructibility limit state for curved four-
girder bridge systems with TFG1s (continued) 
Bridge Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc ff fl ff+fl Fyt 
4TFG1-6 
G1 -16.50 -3.10 19.60 50 17.72 47.82 14.67 10.51 25.19 50 
G2 -20.90 -3.53 24.43 50 30.31 50.00 18.56 10.24 28.8 50 
G3 -25.41 -5.65 31.06 50 32.31 50.00 25.45 12.59 38.06 50 
G4 -27.90 -8.28 41.07 50 41.61 50.00 27.90 11.76 39.66 50 
4TFG1-7 
G1 -16.06 -0.66 16.72 50 16.28 50.00 17.33 2.16 19.48 50 
G2 -32.94 -3.81 36.75 50 34.21 50.00 21.52 7.92 29.44 50 
G3 -32.75 -3.59 36.33 50 33.94 50.00 24.53 7.47 32 50 
G4 -39.85 -5.42 45.28 50 41.66 50.00 29.72 8.57 38.29 50 
4TFG1-8 
G1 -16.73 -2.28 19.02 50 17.49 50.00 16.78 6.75 23.53 50 
G2 -32.15 -3.17 35.32 50 33.21 50.00 24.16 7.23 31.39 50 
G3 -33.12 -2.37 35.49 50 33.91 50.00 25.62 5.97 31.6 50 
G4 -41.77 -3.72 45.49 50 43.01 50.00 30.15 6.73 36.88 50 
4TFG1-9 
G1 -16.54 -2 18.54 50 17.21 50.00 16.98 4.91 21.89 50 
G2 -33.38 -2.8 36.18 50 34.31 50.00 22.31 4.93 27.24 50 
G3 -35.43 -2.19 37.62 50 36.16 50.00 29.55 5.52 35.06 50 
G4 -44.2 -3.38 47.58 50 45.33 50.00 38.7 7.2 45.91 50 
4TFG1-10 
G1 -18.59 -3.81 22.4 50 19.86 50.00 15.64 12.85 28.49 50 
G2 -26.31 -3.69 30 50 27.54 50.00 18.91 9.5 28.41 50 
G3 -33.37 -6.3 39.67 50 35.47 49.80 21.38 9.29 30.67 50 
G4 -40.25 -5.4 45.65 50 42.05 50.00 26.84 10.18 37.02 50 
Note: |ff+fl| ≤ Fyc, |ff+(1/3)fl|< Fnc for top flange;  ff+fl ≤ Fyt for bottom flange 
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Table 5.14 Flange stress design check for Constructibility limit state for curved four-
girder bridge systems with TFG1s (continued) 
Bridge Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc ff fl ff+fl Fyt 
4TFG1-11 
G1 -7.31 -4.61 11.92 50 8.85 38.30 5.02 11.38 16.4 50 
G2 -16.73 -5.67 22.4 50 18.62 50.00 14.16 16.7 30.87 50 
G3 -27.28 -9.3 36.58 50 30.38 50.00 20.96 16.86 37.82 50 
G4 -37.11 -10.97 48.09 50 40.77 50.00 28.17 19.69 47.86 50 
4TFG1-12 
G1 -6.59 -4.96 11.55 50 8.24 39.97 4.94 9.61 14.55 50 
G2 -17.58 -6.5 24.08 50 19.74 50.00 14.18 13.47 27.66 50 
G3 -26.9 -8.42 35.31 50 29.7 50.00 22.56 14.79 37.35 50 
G4 -36.78 -10.01 46.79 50 40.11 50.00 29.19 17.97 47.16 50 
4TFG1-13 
G1 -7.25 -4.73 11.98 50 8.83 45.68 6.07 8.97 15.04 50 
G2 -18.16 -6.1 24.26 50 20.19 50.00 15.79 12.12 27.91 50 
G3 -29.95 -3.81 33.77 50 31.22 50.00 22.7 13.06 35.76 50 
G4 -40.51 -3.83 44.34 50 41.78 50.00 30.44 14.55 44.98 50 
4TFG1-14 
G1 -7.07 -3.11 10.18 50 8.1 47.71 6.23 5.83 12.06 50 
G2 -18.81 -3.81 22.61 50 20.08 50.00 16.32 9.35 25.67 50 
G3 -31.69 -2.58 34.27 50 32.55 50.00 23.96 8.6 32.57 50 
G4 -42.71 -5.06 47.77 50 44.4 50.00 31.66 9.91 41.58 50 
4TFG1-15 
G1 -13.9 -7.51 21.41 50 16.4 38.30 12.75 15.62 28.37 50 
G2 -21.95 -5.02 26.97 50 23.62 50.00 18.46 14.18 32.65 50 
G3 -30.66 -8.83 39.49 50 33.6 50.00 22.34 13.12 35.46 50 
G4 -37.31 -7.86 45.16 50 39.92 50.00 28.14 15.39 43.53 50 
Note: |ff+fl| ≤ Fyc, |ff+(1/3)fl|< Fnc for top flange;  ff+fl ≤ Fyt for bottom flange 
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Table 5.14 Flange stress design check for Constructibility limit state for curved four-
girder bridge systems with TFG1s (continued) 
Bridge 
Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc ff fl ff+fl Fyt 
G2 -23.81 -4.4 28.22 50 25.28 39.97 19.64 10.99 30.63 50 
G3 -31.13 -5.65 36.77 50 33.01 50.00 24.98 11.21 36.18 50 
G4 -38 -6.36 44.35 50 40.12 50.00 30.56 12.8 43.36 50 
4TFG1-17 
G1 -14.41 -4.79 19.2 50 16.01 50.00 13.52 11.53 25.04 50 
G2 -23.02 -5.28 28.3 50 24.78 44.92 20.32 10.69 31.02 50 
G3 -37.83 -2.63 40.46 50 38.7 50.00 26.3 11.15 37.45 50 
G4 -40.91 -4.17 45.08 50 42.3 50.00 33.01 13.29 46.29 50 
4TFG1-18 
G1 -14.61 -2.93 17.54 50 15.58 50.00 14.14 7.59 21.74 50 
G2 -24.34 -3.22 27.56 50 25.41 47.71 20.41 6.92 27.33 50 
G3 -33.18 -2.2 35.38 50 33.91 50.00 27.5 7.2 34.7 50 
G4 -42.33 -3.95 46.29 50 43.65 50.00 32.84 7.72 40.56 50 
4TFG1-19 
G1 -20.94 -5.42 26.36 50 22.75 50.00 17.91 16.66 34.57 50 
G2 -27.82 -4.81 32.63 50 29.42 44.75 21.55 12.99 34.55 50 
G3 -33.97 -7.44 41.41 50 36.45 50.00 25.91 12.53 38.44 50 
G4 -40.84 -6.97 47.81 50 43.17 50.00 29.46 12.79 42.24 50 
4TFG1-20 
G1 -16.98 -4.87 21.84 50 20.06 50.00 14.62 11.30 25.92 50 
G2 -22.98 -5.60 28.57 50 26.95 50.00 20.02 13.66 33.68 50 
G3 -30.40 -5.60 36.00 50 35.89 50.00 25.27 14.36 39.63 50 
G4 -38.68 -9.62 48.30 50 42.31 50.00 28.65 14.35 43.01 50 
Note: |ff+fl| ≤ Fyc, |ff+(1/3)fl|< Fnc for top flange;  ff+fl ≤ Fyt for bottom flange 
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Table 5.15 Flange stress design check for Constructibility limit state for curved four-
girder bridge systems with IGs 
Bridge Girder 
Normal stress in top flange 
Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc ff fl ff+fl 
Fyt 
4IG-1 
G1 -9.14 -7.57 16.72 50 11.67 35.86 8.27 16.26 24.53 50 
G2 -14.17 -8.14 22.31 50 16.89 42.81 14.75 17.67 32.42 50 
G3 -20.31 21.38 41.68 50 13.18 43.34 17.42 16.46 33.87 50 
G4 -25.14 19.99 45.13 50 18.48 46.42 23.6 18.94 42.54 50 
4IG-2 
G1 -9.64 -4.44 14.08 50 11.12 50 10.87 3.8 14.67 50 
G2 -15.22 -8.89 24.11 50 18.18 39.21 14.3 12.15 26.44 50 
G3 -24.98 -14.22 39.2 50 29.72 39.86 19.57 12.42 31.98 50 
G4 -28.7 -14.9 43.6 50 33.67 44.52 26.63 15.82 42.45 50 
4IG-3 
G1 -10.56 -6.61 17.17 50 12.77 36.8 10.12 9.01 19.13 50 
G2 -17.29 -8.48 25.77 50 20.12 42.18 17.53 12.23 29.76 50 
G3 -26.85 -15.24 42.09 50 31.93 42.48 19.31 9.59 28.91 50 
G4 -31.23 -11.01 42.24 50 34.9 44.21 27.14 12.02 39.16 50 
4IG-4 
G1 -8.97 -4.21 13.18 50 10.37 44.45 8.98 5.37 14.34 50 
G2 -28.66 -7.34 36.01 50 31.11 47.25 23.11 7.52 30.63 50 
G3 -28.66 -7.34 36.01 50 31.11 47.25 23.11 7.52 30.63 50 
G4 -37 -8.79 45.79 50 39.93 48.85 28.76 8.01 36.77 50 
4IG-5 
G1 -13.75 -7.16 20.91 50 16.14 37.7 13.07 10.01 23.08 50 
G2 -20.91 -9.04 29.96 50 23.93 40.49 19.56 10.86 30.42 50 
G3 -28.72 -8.51 37.23 50 31.56 44.09 25.52 10.75 36.27 50 
G4 -36.28 -10.54 46.82 50 39.8 45.17 30.86 11.91 42.77 50 
Note: |ff+fl| ≤ Fyc, |ff+(1/3)fl|< Fnc for top flange;  ff+fl ≤ Fyt for bottom flange 
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Table 5.15 Flange stress design check for Constructibility limit state for curved four-
girder bridge systems with IGs (continued) 
Bridge Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc ff fl ff+fl Fyt 
4IG-6 
G1 -14.35 -8.35 22.7 50 17.14 35.86 12.8 13.94 26.74 50 
G2 -19.5 -9.57 29.07 50 22.69 49.66 16.77 13.35 30.12 50 
G3 -24.11 -14.31 38.43 50 28.88 45.32 21.92 14.67 36.59 50 
G4 -28.96 -18.93 47.88 50 35.27 45.29 25.5 15.89 41.38 50 
4IG-7 
G1 -14.89 -5.16 20.05 50 16.61 50 16.41 4.02 20.43 50 
G2 -21.53 -10.14 31.67 50 24.91 39.21 20.52 13.45 33.98 50 
G3 -27.28 -11.28 38.56 50 31.04 41.52 24.28 11.49 35.77 50 
G4 -31.72 -16.8 48.52 50 37.32 41.46 27.43 12.41 39.84 50 
4IG-8 
G1 -16.5 -6.68 23.18 50 18.73 36.8 16.51 9.41 25.91 50 
G2 -22.09 -8.57 30.66 50 24.95 37.13 21.23 10.02 31.25 50 
G3 -28.57 -9.52 38.09 50 31.75 40.34 25.49 8.36 33.85 50 
G4 -34.64 -13.43 48.07 50 39.12 40.52 28.02 8.98 37 50 
4IG-9 
G1 -15.86 -4 19.85 50 17.19 44.45 16.58 5.89 22.47 50 
G2 -21.63 -4.58 26.21 50 23.16 44.45 22.99 7.56 30.54 50 
G3 -34.89 -5.67 40.56 50 36.78 46.79 27.01 6.47 33.48 50 
G4 -36.75 -7.23 43.99 50 39.16 47.21 30.87 6.6 37.47 50 
4IG-10 
G1 -13.75 -7.16 20.91 50 16.14 37.7 13.07 10.01 23.08 50 
G2 -20.91 -9.04 29.96 50 23.93 40.49 19.56 10.86 30.42 50 
G3 -28.72 -8.51 37.23 50 31.56 44.09 25.52 10.75 36.27 50 
G4 -36.28 -10.54 46.82 50 39.8 45.17 30.86 11.91 42.77 50 
Note: |ff+fl| ≤ Fyc, |ff+(1/3)fl|< Fnc for top flange;  ff+fl ≤ Fyt for bottom flange 
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Table 5.15 Flange stress design check for Constructibility limit state for curved four-
girder bridge systems with IGs (continued) 
Bridge Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc ff fl ff+fl Fyt 
4IG-11 
G1 -4.71 -6.9 11.61 50 7.01 17.34 3.2 12.58 15.78 50 
G2 -12.38 -11.69 24.07 50 16.28 36.04 10.13 14.78 24.92 50 
G3 -19.01 21.21 40.22 50 26.08 41.1 18.03 21.48 39.51 50 
G4 -26.65 22.45 49.1 50 19.16 45.24 25.06 22.4 47.46 50 
4IG-12 
G1 -3.56 -7.57 11.13 50 6.08 36.23 2.34 8.2 10.53 50 
G2 -12.84 -13.49 26.32 50 17.33 36.23 11.45 14.4 25.85 50 
G3 -21.19 -17.28 38.47 50 26.95 40.81 19.31 18.32 37.63 50 
G4 -29.47 -19.74 49.21 50 36.05 42 27.22 20.22 47.44 50 
4IG-13 
G1 -3.83 -7.32 11.16 50 6.27 28.73 2.72 8.07 10.79 50 
G2 -13.37 -11.83 25.21 50 17.32 37.15 12.96 14.19 27.15 50 
G3 -22.68 -15.19 37.86 50 27.74 39.11 20.79 16.05 36.84 50 
G4 -31.3 -16.79 48.09 50 36.9 41.52 29.07 17.64 46.7 50 
4IG-14 
G1 -4.34 -6.36 10.69 50 6.46 36.79 3.74 7.19 10.93 50 
G2 -15.23 -9.57 24.8 50 18.42 41.04 15.06 12.62 27.68 50 
G3 -27.92 -8.2 36.13 50 30.66 44.2 23.03 12.84 35.87 50 
G4 -38.95 -7.35 46.3 50 41.4 47.72 31.02 13.87 44.89 50 
4IG-15 
G1 -10.79 -9.61 20.4 50 13.99 17.34 10.24 18.66 28.9 50 
G2 -17.29 -11.19 28.48 50 21.02 36.04 14.98 14.1 29.08 50 
G3 -22.42 18.81 41.23 50 16.14 40.16 21.01 18.17 39.19 50 
G4 -27.25 20 47.25 50 20.59 41.56 26.82 20.58 47.39 50 
Note: |ff+fl| ≤ Fyc, |ff+(1/3)fl|< Fnc for top flange;  ff+fl ≤ Fyt for bottom flange 
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Table 5.15 Flange stress design check for Constructibility limit state for curved four-
girder bridge systems with IGs (continued) 
Bridge Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc ff fl ff+fl Fyt 
4IG-16 
G1 -11.33 -10.05 21.38 50 14.68 24.39 10.04 12.6 22.64 50 
G2 -19.17 -12.26 31.43 50 23.25 35.76 16.85 11.34 28.19 50 
G3 -25.36 -14.02 39.38 50 30.03 38.31 23.67 15.21 38.88 50 
G4 -31.77 -15.24 47.01 50 36.85 40.81 29.44 16.06 45.5 50 
4IG-17 
G1 -11.02 -9.74 20.76 50 14.27 28.73 10.48 12.37 22.85 50 
G2 -19.05 -10.99 30.04 50 22.71 36.97 17.95 11.83 29.78 50 
G3 -26.44 -8.02 34.46 50 29.11 38.95 25.46 14.57 40.03 50 
G4 -32.55 -13.84 46.39 50 37.17 40.65 30.95 14.95 45.9 50 
4IG-18 
G1 -12.92 -6.23 19.15 50 15 36.79 13.15 9.12 22.26 50 
G2 -19.41 -7.24 26.65 50 21.83 40.59 20.4 11.04 31.44 50 
G3 -27.74 -2.53 30.27 50 28.58 46.2 26.71 10.11 36.82 50 
G4 -34.68 -3.98 38.66 50 36 47.01 31.77 10.39 42.16 50 
Note: |ff+fl| ≤ Fyc, |ff+(1/3)fl|< Fnc for top flange;  ff+fl ≤ Fyt for bottom flange 
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Table 5.15 Flange stress design check for Constructibility limit state for curved four-
girder bridge systems with IGs (continued) 
Bridge Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc ff fl ff+fl Fyt 
4IG-19 
G1 -15.61 -9.63 25.24 50 18.82 37.82 15.24 12.69 27.92 50 
G2 -21.74 -10.19 31.94 50 25.14 37.45 22.19 13.67 35.86 50 
G3 -30.35 -7.4 37.76 50 32.82 41.04 25.21 11.95 37.16 50 
G4 -34.89 -12.27 47.16 50 38.98 41.69 30.92 12.8 43.72 50 
4IG-20 
G1 -16.9 -6.44 23.34 50 19.05 38.53 17.11 9.67 26.78 50 
G2 -23.36 -6.88 30.24 50 25.65 42.72 24.69 10.43 35.12 50 
G3 -32.95 -3.73 36.67 50 34.19 46.72 28.47 9.31 37.77 50 
G4 -42.18 -4.87 47.06 50 43.81 48.14 31.04 8.99 40.03 50 
4IG-21 
G1 -12.42 -11.01 23.42 50 16.09 24.19 12.14 13.21 25.35 50 
G2 -18.58 -12.26 30.84 50 22.67 35.32 18.56 14.15 32.71 50 
G3 -26.1 -6.59 32.69 50 28.3 35.12 23.46 14.56 38.02 50 
G4 -30.42 -14.75 45.17 50 35.33 36.68 30.2 16 46.2 50 
Note: |ff+fl| ≤ Fyc, |ff+(1/3)fl|< Fnc for top flange;  ff+fl ≤ Fyt for bottom flange 
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Table 5.16 Flange stress design check for Service II limit state for curved four-girder 
bridge systems with TFG1s 
Bridge Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff| 0.95Fyf ff fl ff+(1/2)fl 0.95Fyf 
4TFG1-
1 
G1 -7.93 -2.79 7.93 47.5 14.23 11.07 19.77 47.5 
G2 -16.4 -2.94 16.4 47.5 24.91 10.83 30.32 47.5 
G3 -23.17 -4.78 23.17 47.5 32.46 12.89 38.91 47.5 
G4 -31.8 -7.23 31.8 47.5 37.63 15.96 45.61 47.5 
4TFG1-
2 
G1 -10.2 -1.59 10.2 47.5 22.01 0.69 22.35 47.5 
G2 -17.02 -1.87 17.02 47.5 26.47 0.96 26.95 47.5 
G3 -23.64 -2.25 23.64 47.5 32.8 3.09 31.25 47.5 
G4 -31.98 -3.15 31.98 47.5 39.37 13.56 46.15 47.5 
4TFG1-
3 
G1 -9.24 -1.14 9.24 47.5 23.01 9.58 27.8 47.5 
G2 -17.02 -1.5 17.02 47.5 27.18 7.78 31.07 47.5 
G3 -23.86 -2.71 23.86 47.5 42.02 9.35 46.69 47.5 
G4 -32.48 -4.05 32.48 47.5 41 9.61 45.8 47.5 
4TFG1-
4 
G1 -9.17 -0.58 9.17 47.5 23.47 9.18 28.06 47.5 
G2 -17.51 -1.29 17.51 47.5 28.4 8.28 32.53 47.5 
G3 -25.76 -2.61 25.76 47.5 33.82 6.29 36.96 47.5 
G4 -34.21 -3.76 34.21 47.5 41.14 6.96 44.62 47.5 
4TFG1-
5 
G1 -12.83 -4.17 12.83 47.5 31.54 16.47 39.78 47.5 
G2 -21.11 -3.52 21.11 47.5 32.31 10.49 37.56 47.5 
G3 -28.67 -5.53 28.67 47.5 34.19 9.59 38.99 47.5 
G4 -34.24 -4.49 34.24 47.5 40.54 12.55 46.82 47.5 
4TFG1-
6 
G1 -9.03 -3.21 9.03 47.5 21.1 14.85 28.53 47.5 
G2 -15.94 -2.63 15.94 47.5 25.82 12.25 31.95 47.5 
G3 -22.82 -4.72 22.82 47.5 30.63 12.46 36.86 47.5 
G4 -31.3 -7.16 31.3 47.5 36.41 15.73 44.28 47.5 
4TFG1-
7 
G1 -10.2 -1.59 10.2 47.5 22.01 0.69 22.35 47.5 
G2 -17.02 -1.87 17.02 47.5 26.47 0.96 26.95 47.5 
G3 -23.64 -2.25 23.64 47.5 32.8 3.09 31.25 47.5 
G4 -31.98 -3.15 31.98 47.5 39.37 13.56 46.15 47.5 
Note: |𝑓𝑓| ≤  0.95𝐹𝑦𝑓 for top flange;  𝑓𝑓 +
𝑓𝑙
2
≤  0.95𝐹𝑦𝑓 for bottom flange 
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Table 5.16 Flange stress design check for Service II limit state for curved four-girder 
bridge systems with TFG1s (continued) 
Bridge Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff| 0.95Fyf ff fl ff+(1/2)fl 0.95Fyf 
4TFG1-8 
G1 -9.24 -1.14 9.24 47.5 23.01 9.58 27.8 47.5 
G2 -17.02 -1.5 17.02 47.5 27.18 7.78 31.07 47.5 
G3 -23.86 -2.71 23.86 47.5 42.02 9.35 46.69 47.5 
G4 -32.48 -4.05 32.48 47.5 41 9.61 45.8 47.5 
4TFG1-9 
G1 -13.79 -0.82 13.79 47.5 30.31 8.08 34.35 47.5 
G2 -20.69 -1.03 20.69 47.5 32.94 6.57 36.22 47.5 
G3 -21.36 -1.5 21.36 47.5 36.7 5.31 39.35 47.5 
G4 -34.73 -2.49 34.73 47.5 43.62 5.67 46.46 47.5 
4TFG1-10 
G1 -12.83 -4.17 12.83 47.5 31.54 16.47 39.78 47.5 
G2 -21.11 -3.52 21.11 47.5 32.31 10.49 37.56 47.5 
G3 -28.67 -5.53 28.67 47.5 34.19 9.59 38.99 47.5 
G4 -34.24 -4.49 34.24 47.5 40.54 12.55 46.82 47.5 
4TFG1-11 
G1 -6.45 -3.25 6.45 47.5 13.72 17.35 22.39 47.5 
G2 -15.15 -3.93 15.15 47.5 21.12 17.45 29.85 47.5 
G3 -24.77 -7.61 24.77 47.5 27.46 16.25 35.58 47.5 
G4 -33.06 -8.11 33.06 47.5 36.09 20.48 46.33 47.5 
4TFG1-12 
G1 -7.56 -2.26 7.56 47.5 15.54 47.5 15.54 47.5 
G2 -17.32 -3.71 17.32 47.5 22.87 47.5 22.87 47.5 
G3 -24.22 -3.55 24.22 47.5 29.47 3.19 31.07 47.5 
G4 -33 -4.32 33 47.5 36.75 17.76 45.63 47.5 
4TFG1-13 
G1 -7.19 -0.54 7.19 47.5 15.47 12.57 21.76 47.5 
G2 -16.41 -1.01 16.41 47.5 23.02 11.61 28.82 47.5 
G3 -22.86 -2.94 22.86 47.5 29.47 10.84 34.89 47.5 
G4 -35.33 -3.81 35.33 47.5 38.85 13.01 45.35 47.5 
4TFG1-14 
G1 -7.49 -0.32 7.49 47.5 15.9 11.43 21.61 47.5 
G2 -15.8 -1.51 15.8 47.5 23.85 11.51 29.61 47.5 
G3 -27.94 -2.96 27.94 47.5 31.12 7.75 35 47.5 
G4 -37.37 -4.28 37.37 47.5 40.9 9.53 45.66 47.5 
Note: |𝑓𝑓| ≤  0.95𝐹𝑦𝑓 for top flange;  𝑓𝑓 +
𝑓𝑙
2
≤  0.95𝐹𝑦𝑓 for bottom flange 
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Table 5.16 Flange stress design check for Service II limit state for curved four-girder 
bridge systems with TFG1s (continued) 
Bridge Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff| 0.95Fyf ff fl ff+(1/2)fl 0.95Fyf 
4TFG1-15 
G1 -13.49 -5.55 13.49 47.5 23.27 19.44 32.99 47.5 
G2 -19.97 -3.84 19.97 47.5 27.21 14.73 34.57 47.5 
G3 -27.4 -6.81 27.4 47.5 31.16 12.66 37.49 47.5 
G4 -33.15 -5.75 33.15 47.5 38.56 16.47 46.79 47.5 
4TFG1-16 
G1 -14.23 -2.72 14.23 47.5 24.26 1.1 24.81 47.5 
G2 -20.41 -2.88 20.41 47.5 28.01 0.75 28.39 47.5 
G3 -26.9 -3.32 26.9 47.5 32.84 2.83 34.26 47.5 
G4 -33.11 -3.57 33.11 47.5 38.78 13.93 45.74 47.5 
4TFG1-17 
G1 -13.36 -1.66 13.36 47.5 23.59 13.12 30.15 47.5 
G2 -20.23 -0.85 20.23 47.5 27.94 9.93 32.9 47.5 
G3 -27.37 -2.37 27.37 47.5 33.27 8.7 37.62 47.5 
G4 -34.77 -3.47 34.77 47.5 40.59 10.73 45.95 47.5 
4TFG1-18 
G1 -14.05 -1.23 14.05 47.5 24.22 11.37 29.91 47.5 
G2 -18.25 -1.22 18.25 47.5 28.35 7.96 32.33 47.5 
G3 -28.55 -2.26 28.55 47.5 34.92 6.28 38.06 47.5 
G4 -36.22 -3.13 36.22 47.5 42.73 7.23 46.34 47.5 
4TFG1-19 
G1 -17.27 -6.26 17.27 47.5 30.58 19.71 40.43 47.5 
G2 -23.77 -4.08 23.77 47.5 31.4 13.39 38.1 47.5 
G3 -29.65 -5.93 29.65 47.5 34.04 11.4 39.74 47.5 
G4 -35.66 -5.26 35.66 47.5 39.22 12.94 45.7 47.5 
4TFG1-20 
G1 -17.23 -8.8 17.23 47.5 23.27 18.86 32.7 47.5 
G2 -23.21 -5.22 23.21 47.5 26.41 14.43 33.62 47.5 
G3 -29.48 -7.47 29.48 47.5 30.43 12.96 36.91 47.5 
G4 -35.43 -6.21 35.43 47.5 37.54 14.98 45.03 47.5 
Note: |𝑓𝑓| ≤  0.95𝐹𝑦𝑓 for top flange;  𝑓𝑓 +
𝑓𝑙
2
≤  0.95𝐹𝑦𝑓 for bottom flange 
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Table 5.17 Flange stress design check for Service II limit state for curved four-girder 
bridge systems with IGs 
Bridge Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff| 0.95Fyf ff fl ff+(1/2)fl 0.95Fyf 
4IG-1 
G1 -6.71 -9.71 6.71 47.5 21.5 20.72 31.85 47.5 
G2 -12.47 -9.81 12.47 47.5 24.72 17.76 33.6 47.5 
G3 -17.99 -54 17.99 47.5 26.86 15.98 34.84 47.5 
G4 -21.68 -13.6 21.68 47.5 34.19 20.04 44.21 47.5 
4IG-2 
G1 -8.74 -4.91 8.74 47.5 21.06 14.76 28.44 47.5 
G2 -14.05 -6.85 14.05 47.5 25.16 15.39 32.85 47.5 
G3 -20.93 -8.06 20.93 47.5 28.61 11.79 34.5 47.5 
G4 -24.2 -7.22 24.2 47.5 37.08 16.45 45.31 47.5 
4IG-3 
G1 -7.79 -4.11 7.79 47.5 24 12.51 30.25 47.5 
G2 -14.14 -5.78 14.14 47.5 27.84 12.89 34.29 47.5 
G3 -22.25 -10.59 22.25 47.5 29.59 9.72 34.45 47.5 
G4 -25.5 -7.78 25.5 47.5 38.91 12.47 45.15 47.5 
4IG-4 
G1 -7.43 -1.37 7.43 47.5 23.67 9.82 28.58 47.5 
G2 -14.95 -2.64 14.95 47.5 29.38 10.12 34.43 47.5 
G3 -23.64 -5.66 23.64 47.5 33.99 7.91 37.95 47.5 
G4 -26.34 -5.06 26.34 47.5 42.34 8.41 46.55 47.5 
4IG-5 
G1 -8.98 -5.04 8.98 47.5 32.4 13.47 39.13 47.5 
G2 -16.37 -6.78 16.37 47.5 33.53 11.3 39.18 47.5 
G3 -23.59 -6.78 23.59 47.5 34.63 8.4 38.83 47.5 
G4 -29.13 -7.74 29.13 47.5 40.35 9.76 45.23 47.5 
4IG-6 
G1 -11.33 -11.67 11.33 47.5 25.85 16.08 33.89 47.5 
G2 -13.82 -11.38 13.82 47.5 23.93 12.23 30.05 47.5 
G3 -22.6 -12.86 22.6 47.5 31.82 12.76 38.2 47.5 
G4 -23.45 -12.35 23.45 47.5 37.99 16.18 46.08 47.5 
4IG-7 
G1 -12.8 -5.04 12.8 47.5 27.97 13.18 34.56 47.5 
G2 -16.82 -5.88 16.82 47.5 30.08 12.77 36.46 47.5 
G3 -21.98 -6.26 21.98 47.5 33.57 10.05 38.59 47.5 
G4 -25.81 -7.55 25.81 47.5 39.36 12.97 45.85 47.5 
Note:|𝑓𝑓| ≤  0.95𝐹𝑦𝑓 for top flange;  𝑓𝑓 +
𝑓𝑙
2
≤  0.95𝐹𝑦𝑓 for bottom flange 
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Table 5.17 Flange stress design check for Service II limit state for curved four-girder 
bridge systems with IGs (continued) 
Bridge Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff| 0.95Fyf ff fl ff+(1/2)fl 0.95Fyf 
4IG-8 
G1 -12.54 -4.77 12.54 47.5 31.81 11.38 37.5 47.5 
G2 -17.41 -6.78 17.41 47.5 32.78 11.08 38.32 47.5 
G3 -22.69 -6.73 22.69 47.5 36.09 8.62 40.4 47.5 
G4 -27.13 -8.81 27.13 47.5 41.67 9.2 46.26 47.5 
4IG-9 
G1 -12.96 -2.33 12.96 47.5 32.61 9.13 37.18 47.5 
G2 -17.63 -3.21 17.63 47.5 34.61 9.69 39.46 47.5 
G3 -24.12 -3.99 24.12 47.5 36.87 5.98 39.86 47.5 
G4 -28.61 -5.19 28.61 47.5 43.12 6.25 46.25 47.5 
4IG-
10 
G1 -8.98 -5.04 8.98 47.5 32.4 13.47 39.13 47.5 
G2 -16.37 -6.78 16.37 47.5 33.53 11.3 39.18 47.5 
G3 -23.59 -6.78 23.59 47.5 34.63 8.4 38.83 47.5 
G4 -29.13 -7.74 29.13 47.5 40.35 9.76 45.23 47.5 
4IG-
11 
G1 -4.28 -6.78 4.28 47.5 11.45 18.62 20.76 47.5 
G2 -11.88 -15.3 11.88 47.5 17.15 16.46 25.38 47.5 
G3 -18.34 -15.57 18.34 47.5 24.26 19.45 33.98 47.5 
G4 -24.62 -15.87 24.62 47.5 32.48 22.3 43.63 47.5 
4IG-
12 
G1 -5.08 -3.99 5.08 47.5 9.84 11.89 15.78 47.5 
G2 -12.32 -7.55 12.32 47.5 17.38 13.17 23.96 47.5 
G3 -20 -8.99 20 47.5 24.97 15 32.47 47.5 
G4 -26.65 -9.92 26.65 47.5 34.47 18.41 43.67 47.5 
4IG-
13 
G1 -4.28 -1.72 4.28 47.5 12.89 12.53 19.15 47.5 
G2 -12.83 -4.91 12.83 47.5 20.58 13.3 27.23 47.5 
G3 -21.54 -8.7 21.54 47.5 23.96 11.53 29.72 47.5 
G4 -29.08 -9.53 29.08 47.5 37.52 15.1 45.07 47.5 
4IG-
14 
G1 -5.37 -0.19 5.37 47.5 14.72 12.28 20.85 47.5 
G2 -14.7 -3.91 14.7 47.5 23.15 12.7 29.5 47.5 
G3 -25.27 -7.01 25.27 47.5 30.53 10.47 35.76 47.5 
G4 -33.53 -6.22 33.53 47.5 40.59 11.12 46.15 47.5 
Note: |𝑓𝑓| ≤  0.95𝐹𝑦𝑓 for top flange;  𝑓𝑓 +
𝑓𝑙
2
≤  0.95𝐹𝑦𝑓 for bottom flange 
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Table 5.17 Flange stress design check for Service II limit state for curved four-girder 
bridge systems with IGs (continued) 
Bridge Girder 
Normal stress in top flange Normal stress in bottom flange 
(ksi) (ksi) 
ff fl |ff| 0.95Fyf ff fl ff+(1/2)fl 0.95Fyf 
4IG-
15 
G1 -10 -13.14 10 47.5 19.33 21.64 30.15 47.5 
G2 -15.95 -15.13 15.95 47.5 22.29 15.04 29.81 47.5 
G3 -20.52 -13.27 20.52 47.5 28.03 15.84 35.95 47.5 
G4 -24.53 -13.42 24.53 47.5 35.36 20.18 45.45 47.5 
4IG-
16 
G1 -11.17 -5.68 11.17 47.5 18.43 14.21 25.53 47.5 
G2 -16.93 -7.13 16.93 47.5 23.09 10.81 28.5 47.5 
G3 -22.65 -7.69 22.65 47.5 29.83 12.5 36.08 47.5 
G4 -27.67 -7.87 27.67 47.5 37.77 15.61 45.58 47.5 
4IG-
17 
G1 -10.15 -5.72 10.15 47.5 20.53 14.1 27.58 47.5 
G2 -16.9 -5.23 16.9 47.5 25.02 9.94 29.99 47.5 
G3 -23.21 -7.07 23.21 47.5 32.59 9.75 37.47 47.5 
G4 -28.79 -7.91 28.79 47.5 40.12 11.5 45.87 47.5 
4IG-
18 
G1 -12.55 -3.33 12.55 47.5 24.95 12.73 31.31 47.5 
G2 -17.88 -3.81 17.88 47.5 29.18 12.16 35.26 47.5 
G3 -24.47 -3.06 24.47 47.5 34.76 7.86 38.69 47.5 
G4 -29.81 -3.67 29.81 47.5 42.35 8.73 46.71 47.5 
4IG-
19 
G1 -13.18 -6.35 13.18 47.5 28.73 14.27 35.86 47.5 
G2 -18.78 -5.28 18.78 47.5 31.56 12.24 37.68 47.5 
G3 -26.45 -6.87 26.45 47.5 34.25 7.76 38.13 47.5 
G4 -31.02 -7.46 31.02 47.5 41.15 9.52 45.91 47.5 
4IG-
20 
G1 -15.12 -3.91 15.12 47.5 33.86 14.64 41.18 47.5 
G2 -20.97 -3.54 20.97 47.5 36.37 11.96 42.34 47.5 
G3 -28.48 -3.78 28.48 47.5 31.24 6.09 34.28 47.5 
G4 -35.4 -4.37 35.4 47.5 42.75 6.73 46.11 47.5 
4IG-
21 
G1 -12.69 -4.81 12.69 47.5 19.5 11.91 25.45 47.5 
G2 -17.54 -2.62 17.54 47.5 26.1 11.15 31.67 47.5 
G3 -23.27 -6.35 23.27 47.5 27.78 7.79 31.68 47.5 
G4 -27.48 -6.19 27.48 47.5 34.85 9.57 39.63 47.5 
Note: |𝑓𝑓| ≤  0.95𝐹𝑦𝑓 for top flange;  𝑓𝑓 +
𝑓𝑙
2
≤  0.95𝐹𝑦𝑓 for bottom flange 
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Table 5.18 Flange strength design check for Strength I limit state for curved four-girder 
bridge systems with TFG1s 
Bridge Girder 
Mu fl Sxt 
(inch
3
) 
Mu+(1/3)flSxt Mn 
(kip-inch) (ksi) (kip-inch) (kip-inch) 
4TFG1-1 
G1 31000 14.34 1231 36890 100800 
G2 46310 9.84 1454 51090 111100 
G3 45330 5.66 1920 48950 138700 
G4 96470 15.5 2377 108750 156200 
4TFG1-2 
G1 31240 8.88 1231 34880 100800 
G2 47910 7.14 1454 51370 110600 
G3 47440 4.51 1803 49420 133400 
G4 93530 13.07 1994 102200 140700 
4TFG1-3 
G1 29630 8.87 1072 32800 94210 
G2 48320 6.61 1454 51520 110600 
G3 49100 4.2 1803 51630 133400 
G4 82020 4.65 2069 85220 143500 
4TFG1-4 
G1 30750 10.73 1072 34580 94210 
G2 45930 9.13 1343 50020 105500 
G3 46380 4.42 1802 49040 132500 
G4 95000 7.11 2069 99900 142700 
4TFG1-5 
G1 30380 14 858 34380 79220 
G2 45950 7.94 1248 49250 103500 
G3 41120 2.88 1771 42810 124000 
G4 93860 11.08 2259 102200 145700 
4TFG1-6 
G1 38110 11.9 1231 42990 100800 
G2 52420 7.85 1454 56230 111100 
G3 51320 5.02 1685 54140 126900 
G4 50280 3.52 1685 52260 126900 
4TFG1-7 
G1 36910 8.32 1072 39890 94210 
G2 55950 5.9 1454 58810 110600 
G3 54930 4.66 1573 57370 122200 
G4 81460 8.99 1629 86350 124300 
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Table 5.18 Flange strength design check for Strength I limit state for curved four-girder 
bridge systems with TFG1s (continued) 
Bridge Girder 
Mu fl Sxt 
(inch
3
) 
Mu+(1/3)flSxt Mn 
(kip-inch) (ksi) (kip-inch) (kip-inch) 
4TFG1-8 
G1 36670 7.69 1072 39420 94210 
G2 54540 5.49 1454 57200 110600 
G3 54680 4.34 1573 56950 122200 
G4 82430 7.01 1693 86390 126700 
4TFG1-9 
G1 37960 9.17 1072 41240 94210 
G2 52390 7.16 1343 55590 105500 
G3 52040 4.88 1567 54590 121300 
G4 83270 5.77 1692 86520 126000 
4TFG1-10 
G5 30380 14 858 34380 79220 
G6 45950 7.94 1248 49250 103500 
G7 41120 2.88 1771 42810 124000 
G8 93860 11.08 2259 102200 145700 
4TFG1-11 
G1 32750 17.68 2169 45530 161200 
G2 56180 14.19 2451 67770 174900 
G3 55850 4.54 4004 61910 250400 
G4 163900 18.67 4410 191400 270000 
4TFG1-12 
G1 29570 11.5 1972 37130 152400 
G2 57350 9.59 2454 65200 177600 
G3 60660 3.51 3684 64960 237700 
G4 160700 15.83 4003 181900 251500 
4TFG1-13 
G1 18200 5.5 1972 21820 152400 
G2 51190 6.29 2454 56330 177600 
G3 58850 2.68 3380 61870 221400 
G4 169300 10.92 4275 184890 263100 
4TFG1-14 
G1 33760 13.29 1972 42500 152400 
G2 56970 12.17 2313 66360 170300 
G3 59880 3.98 3381 64360 219600 
G4 164700 8.87 3974 176400 247900 
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Table 5.18 Flange strength design check for Strength I limit state for curved four-girder 
bridge systems with TFG1s (continued) 
Bridge Girder 
Mu fl Sxt 
(inch
3
) 
Mu+(1/3)flSxt Mn 
(kip-inch) (ksi) (kip-inch) (kip-inch) 
4TFG1-15 
G1 47040 16.9 2169 59260 161200 
G2 67450 11 2584 76920 180900 
G3 66940 4.87 3544 72700 226600 
G4 135900 13.65 3704 152800 235300 
4TFG1-16 
G1 43560 12.41 1972 51710 152400 
G2 69970 8.37 2454 76820 177600 
G3 72530 4.29 3054 76890 205700 
G4 133800 11.66 3217 146300 213500 
4TFG1-17 
G1 31020 7.41 1972 35890 152400 
G2 62840 5.44 2454 67290 177600 
G3 69330 2.79 3054 72170 205700 
G4 135900 8.99 3313 145900 216700 
4TFG1-18 
G1 46630 12.42 1972 54790 152400 
G2 71970 8.11 2454 78600 177600 
G3 73830 4.61 2889 78270 197800 
G4 134910 6.53 3141 141800 208500 
4TFG1-19 
G1 49570 16.98 1546 58320 120100 
G2 70860 10.44 2017 77880 141300 
G3 68230 4.77 2853 72770 184900 
G4 141200 11.04 3354 153600 207200 
4TFG1-20 
G1 68070 15.45 3698 87110 268200 
G2 96590 10.01 4391 111300 302600 
G3 95920 5.79 5359 106270 344500 
G4 178700 10.93 5709 199500 362800 
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Table 5.19 Flange strength design check for Strength I limit state for curved four-girder 
bridge systems with IGs 
Bridge Girder 
Mu fl Sxt 
(inch
3
) 
Mu+(1/3)flSxt Mn 
(kip-inch) (ksi) (kip-inch) (kip-inch) 
4IG-1 
G1 46550 30.35 1052 57200 82010 
G2 45380 12.8 1416 51420 101600 
G3 44220 6.74 1974 48650 130600 
G4 99630 16.85 2452 113400 159800 
4IG-2 
G1 36410 13.69 1052 41210 82010 
G2 41630 11.51 1219 46300 110600 
G3 40250 3.8 1877 42630 124100 
G4 96360 14.01 2043 105900 135300 
4IG-3 
G1 15990 9.64 1052 19370 82010 
G2 34960 7.08 1135 37640 86240 
G3 15390 2.43 1974 16990 128800 
G4 104900 11 2131 112800 138800 
4IG-4 
G1 20000 14.69 1052 25150 82010 
G2 43700 10.8 1135 47790 86240 
G3 41880 4.51 1729 44480 116700 
G4 106900 8.1 1952 112200 127700 
4IG-5 
G1 26970 14.89 745 30670 60930 
G2 40620 8.38 882 43090 67650 
G3 17080 1.73 1677 18040 109600 
G4 99950 7.89 2008 105200 125900 
4IG-6 
G1 51160 19.4 1052 57970 82010 
G2 49890 10.91 1416 55040 101600 
G3 48980 5.75 1974 52760 130600 
G4 82600 7.55 2452 88770 159800 
4IG-7 
G1 45930 11.66 1052 50020 82010 
G2 48690 9.32 1135 52210 86240 
G3 47020 4.23 1527 49170 106800 
G4 85090 11.1 1645 91170 112600 
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Table 5.19 Flange strength design check for Strength I limit state for curved four-girder 
bridge systems with IGs (continued) 
Bridge Girder 
Mu fl Sxt 
(inch
3
) 
Mu+(1/3)flSxt Mn 
(kip-inch) (ksi) (kip-inch) (kip-inch) 
4IG-8 
G1 22340 13.47 1052 27060 82010 
G2 49730 9.89 1136 53480 86050 
G3 21800 5.05 1522 24370 106500 
G4 96320 8.08 1707 100900 115500 
4IG-9 
G1 19790 10.48 1052 23470 82010 
G2 47970 10.48 1052 51640 82010 
G3 44280 3.93 1529 46280 106100 
G4 96050 5.93 1653 99320 112100 
4IG-10 
G5 26970 14.89 745 30670 60930 
G6 40620 8.38 882 43090 67650 
G7 17080 1.73 1677 18040 109600 
G8 99950 7.89 2008 105200 125900 
4IG-11 
G1 38040 17.62 2133 50570 160100 
G2 63420 13.32 3025 76860 205300 
G3 65820 9.51 3627 77320 240300 
G4 185700 18.49 5145 217400 326400 
4IG-12 
G1 23060 16.59 2133 34860 160100 
G2 63710 10.3 2830 73420 197200 
G3 67820 6.95 3329 75530 223000 
G4 177600 14.99 4462 199900 288700 
4IG-13 
G1 32530 27.57 1953 50480 149600 
G2 61000 10.34 2544 69760 181100 
G3 31610 5.25 3411 37580 227100 
G4 190700 11.92 4363 208000 280200 
4IG-14 
G1 19060 22.62 1953 33790 149600 
G2 39030 12.73 2165 48220 160400 
G3 36370 5.03 3144 41640 211500 
G4 190400 8.91 4109 202600 262900 
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Table 5.19 Flange strength design check for Strength I limit state for curved four-girder 
bridge systems with IGs (continued) 
Bridge Girder 
Mu fl Sxt 
(inch
3
) 
Mu+(1/3)flSxt Mn 
(kip-inch) (ksi) (kip-inch) (kip-inch) 
4IG-15 
G1 77990 39.53 2133 106100 160100 
G2 77710 11.38 2675 87860 187800 
G3 81250 10.35 3177 92210 214400 
G4 145400 15.79 3787 165400 248500 
4IG-16 
G1 52080 13.41 2133 61620 160100 
G2 75750 8.9 2694 83750 188600 
G3 79140 8.9 2693 87130 188700 
G4 142500 12.85 3329 156800 223000 
4IG-17 
G1 42530 27.36 1953 60350 149600 
G2 76680 7.39 2694 83310 188600 
G3 42220 7.39 2693 48850 188700 
G4 155600 9.59 3340 166300 222700 
4IG-18 
G1 25670 16.56 1953 36450 149600 
G2 65810 12.17 2059 74160 155000 
G3 64480 4.47 2693 68490 188700 
G4 160100 7.16 3188 167700 214600 
4IG-19 
G1 35500 14.85 1512 42980 113300 
G2 66520 8.36 1750 71400 125500 
G3 34950 3.57 2553 37990 165600 
G4 154900 7.47 3167 162700 200600 
4IG-20 
G1 35320 21.61 1356 45090 104200 
G2 70620 11.91 1631 77100 119400 
G3 66000 4.67 2273 69530 151500 
G4 162200 5.86 3126 168300 195000 
4IG-21 
G1 52810 13.2 3665 68940 280500 
G2 97990 6.47 4179 107000 307600 
G3 97750 5.75 4376 106100 317900 
G4 200600 7.12 5496 213700 380000 
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Table 5.20 Flange lateral bending moment (MLBC and MLM) 
Bridge 
L 
L/R 
MLBC MLM 
|MLBC/MLM| 
(ft) (kip-inch) (kip-inch) 
2TFG1-2 
90 0.45 
1348 1170 1.2 
2IG-3 1420 467 3.0 
2TFG1-5 
90 0.3 
704 621 1.1 
2IG-7 743 328.4 2.3 
2TFG1-8 
120 0.3 
2112 1120 1.9 
2IG-9 1719 668 2.6 
4TFG1-1 
90 0.45 
81 151 0.5 
4IG-3 80 84 1.0 
4TFG1-5 
90 0.45 
860 1278 0.7 
4IG-5 864 781 1.1 
4TFG1-6 
90 0.3 
50 68 0.7 
4IG-6 38 50 0.8 
4TFG1-10 
90 0.3 
407 743 0.5 
4IG-10 464 473 1.0 
4TFG1-11 
120 0.45 
239 278 0.9 
4IG-11 221 167 1.3 
4TFG1-15 
120 0.3 
125 141 0.9 
4IG-15 117 83 1.4 
4TFG1-19 
120 0.3 
1183 1368 0.9 
4IG-19 1166 888 1.3 
4TFG1-20 
150 0.2 
1419 1448 1.0 
4IG-21 1470 712 2.1 
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(a) TFG1                         (b) I-shaped girder  (IG) 
Figure 5.1 Cross section shapes 
 
 
 
Figure 5.2 Vertical displacement versus L/R 
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Figure 5.3 Cross section rotation versus L/R 
 
 
 
Figure 5.4 Warping normal stress versus L/R 
 
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0 0.1 0.2 0.3 0.4 0.5
C
ro
ss
 s
ec
ti
o
n
 r
o
ta
ti
o
n
 (
ra
d
ia
n
) 
L/R 
0
5
10
15
20
25
30
35
40
0.0 0.1 0.2 0.3 0.4 0.5
W
a
rp
in
g
 n
o
rm
a
l 
st
re
ss
 (
k
si
) 
L/R 
  
265 
 
 
Figure 5.5 Primary bending moment (Mbu) versus L/R 
 
 
 
Figure 5.6 Flange lateral bending moment (ML) along span (L/R=0.01) 
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Figure 5.7 Flange lateral bending moment (ML) along span (L/R=0.1) 
 
 
 
Figure 5.8 Flange lateral bending moment (ML) along span (L/R=0.2) 
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Figure 5.9 Flange lateral bending moment (ML) along span (L/R=0.3) 
 
 
 
Figure 5.10 Flange lateral bending moment along span (L/R=0.45) 
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Figure 5.11 Normalized load versus vertical displacement at mid span 
 
 
 
Figure 5.12 Normalized maximum load capacity versus L/R 
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Figure 5.13 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-TFG1 bridge system under Constructibility limit state loading  for deck 
placement condition (2TFG1-2: L=90 ft, L/R=0.45, NCF=3, Section depth =54 inch) 
 
 
 
Figure 5.14 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-IG bridge system under Constructibility limit state loading for deck 
placement condition (2IG-3: L=90 ft, L/R=0.45, NCF=5, section depth =54 inch) 
 
 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
0 5 10 15 20
N
o
rm
a
li
ze
d
 L
o
a
d
 
Vertical displacement (inch) 
G1
G2
1.25Dc+1.75LLc 
PCLI=1.521 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
0 2 4 6 8 10 12 14 16 18 20
N
o
rm
a
li
ze
d
 L
o
a
d
 
Vertical displacement (inch) 
G1
G2
1.25Dc+1.75LLc 
PCLI=1.43 
  
270 
 
 
Figure 5.15 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-TFG1 bridge system under Constructibility limit state for deck placement 
condition loading (2TFG1-5: L=90 ft, L/R=0.3, NCF=3, section depth =43 inch) 
 
 
 
Figure 5.16 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-IG bridge system under Constructibility limit state for deck placement 
condition loading (2IG-7: L=90 ft, L/R=0.3, NCF=5, Section depth =43 inch) 
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Figure 5.17 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-TFG1 bridge system under Constructibility limit state loading  for deck 
placement condition (2TFG1-8: L=120 ft, L/R=0.3, NCF=3, section depth =72 inch) 
 
 
 
Figure 5.18 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-IG bridge system under Constructibility limit state loading for deck 
placement condition (2TIG-9: L=120 ft, L/R=0.3, NCF=5, section depth =72 inch) 
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Figure 5.19 Normalized load versus vertical displacement at mid of each girder from a 
curved four-TFG1 bridge system span under Constructibility limit state loading for deck 
placement condition (4TFG1-1: L=90 ft, L/R=0.45, NCF=3, section depth =54 inch) 
 
 
 
Figure 5.20 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Constructibility limit state loading for deck 
placement condition (4IG-3: L=90 ft, L/R=0.45, NCF=5, section depth =54 inch) 
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Figure 5.21 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Constructibility limit state loading for deck 
placement condition (4TFG1-5: L=90 ft, L/R=0.45, NCF=3, section depth =43 inch) 
 
 
 
Figure 5.22 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Constructibility limit state loading for deck 
placement condition (4IG-5: L=90 ft, L/R=0.45, NCF=5, section depth =43 inch) 
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Figure 5.23 Normalized load versus vertical displacement at mid of each girder from a 
curved four-TFG1 bridge system span under Constructibility limit state loading for deck 
placement condition (4TFG1-6: L=90 ft, L/R=0.3, NCF=3, section depth =54 inch) 
 
 
 
Figure 5.24 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Constructibility limit state loading for deck 
placement condition(4IG-8: L=90 ft, L/R=0.3, NCF=5, section depth =54 inch) 
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Figure 5.25 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Constructibility limit state loading for deck 
placement condition (4TFG1-10: L=90 ft, L/R=0.3, NCF=3, section depth =43 inch) 
 
 
 
Figure 5.26 Normalized load versus vertical displacement at mid span of each girder from 
for a curved four-IG bridge system under Constructibility limit state loading for deck 
placement condition (4IG-10: L=90 ft, L/R=0.3, NCF=5, section depth =43 inch) 
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Figure 5.27 Normalized load versus vertical displacement at mid span of each girder from 
for a curved four-TFG1 bridge system under Constructibility limit state loading for deck 
placement condition (4TFG1-11: L=120 ft, L/R=0.45, NCF=3, section depth =72 inch) 
 
 
 
Figure 5.28 Normalized load versus vertical displacement at mid span of each girder for a 
curved four-IG bridge system under Constructibility limit state loading for deck 
placement condition (4IG-13: L=120 ft, L/R=0.45, NCF=5, section depth =72 inch) 
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Figure 5.29 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Constructibility limit state loading for deck 
placement condition (4TFG1-15: L=120 ft, L/R=0.3, NCF=3, section depth =72 inch) 
 
 
 
Figure 5.30 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Constructibility limit state loading for deck 
placement condition (4IG-17: L=120 ft, L/R=0.3, NCF=5, section depth =72 inch) 
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Figure 5.31 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Constructibility limit state loading for deck 
placement condition (4TFG1-19: L=120 ft, L/R=0.3, NCF=3, section depth =60 inch) 
 
 
 
Figure 5.32 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Constructibility limit state loading  for deck 
placement condition (4IG-19: L=120 ft, L/R=0.3, NCF=5, section depth =60 inch) 
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Figure 5.33 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Constructibility limit state loading for deck 
placement condition (4TFG1-20: L=150 ft, L/R=0.2, NCF=3, section depth =90 inch) 
 
 
 
Figure 5.34 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Constructibility limit state loading for deck 
placement condition (4IG-21: L=150 ft, L/R=0.2, NCF=5, section depth =90 inch)  
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Figure 5.35 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-TFG1 bridge system under Service II limit state loading (2TFG1-2: L=90 ft, 
L/R=0.45, NCF=3, section depth =54 inch) 
 
 
 
Figure 5.36 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-IG bridge system under Service II limit state loading (2IG-3: L=90 ft, 
L/R=0.45, NCF=5, section depth =54 inch) 
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Figure 5.37 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-TFG1 bridge system under Service II limit state loading (2TFG1-5: L=90 ft, 
L/R=0.3, NCF=3, section depth =54 inch) 
 
 
 
Figure 5.38 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-IG bridge system under Service II limit state loading (2IG-7: L=90 ft, 
L/R=0.3, NCF=5, section depth =54 inch) 
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Figure 5.39 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-TFG1 bridge system under Service II limit state loading (2TFG1-8: L=120 
ft, L/R=0.3, NCF=3, section depth =72 inch) 
 
 
 
Figure 5.40 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-IG bridge system under Service II limit state loading (2IG-9: L=120 ft, 
L/R=0.3, NCF=5, section depth =72 inch) 
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Figure 5.41 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Service II limit state loading (4TFG1-1: L=90 ft, 
L/R=0.45, NCF=3, section depth =54 inch) 
 
 
 
Figure 5.42 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Service II limit state loading (4IG-3: L=90 ft, 
L/R=0.45, NCF=5, section depth =54 inch) 
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Figure 5.43 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Service II limit state loading (4TFG1-5: L=90 ft, 
L/R=0.45, NCF=3, section depth =43 inch) 
 
 
 
Figure 5.44 Normalized load versus vertical displacement at mid span of each girder from 
for a curved four-IG bridge system under Service II limit state loading (4IG-5: L=90 ft, 
L/R=0.45, NCF=5, section depth =43 inch) 
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Figure 5.45 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Service II limit state loading (4TFG1-6: L=90 ft, 
L/R=0.3, NCF=3, section depth =54 inch) 
 
 
 
Figure 5.46 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Service II limit state loading (4IG-8: L=90 ft, 
L/R=0.3, NCF=5, section depth =54 inch) 
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Figure 5.47 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Service II limit state loading (4TFG1-10: L=90 
ft, L/R=0.3, NCF=3, section depth =43 inch) 
 
 
 
Figure 5.48 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Service II limit state loading (4IG-10: L=90 ft, 
L/R=0.3, NCF=5, section depth =43 inch) 
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Figure 5.49 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Service II limit state loading (4TFG1-11: 
L=120 ft, L/R=0.45, NCF=3, section depth =72 inch) 
 
 
 
Figure 5.50 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Service II limit state loading (4IG-13: L=120 ft, 
L/R=0.45, NCF=5, section depth =72 inch) 
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Figure 5.51 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Service II limit state loading (4TFG1-15: 
L=120 ft, L/R=0.3, NCF=3, section depth =72 inch) 
 
 
 
Figure 5.52 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Service II limit state loading (4IG-17: L=120 ft, 
L/R=0.3, NCF=5, section depth =72 inch) 
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Figure 5.53 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Service II limit state loading (4TFG1-19: 
L=120 ft, L/R=0.3, NCF=3, section depth =60 inch) 
 
 
 
Figure 5.54 Normalized load versus vertical displacement at mid span of each girder from 
for a curved four-IG bridge system under Service II limit state loading (4IG-19: L=120 ft, 
L/R=0.3, NCF=5, section depth =60 inch) 
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Figure 5.55 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Service II limit state loading (4TFG1-20: 
L=150 ft, L/R=0.2, NCF=3, section depth =90 inch) 
 
 
 
Figure 5.56 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Service II limit state loading (4IG-21: L=150 ft, 
L/R=0.2, NCF=5, section depth =90 inch) 
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Figure 5.57 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-TFG1 bridge system under Strength I limit state loading (2TFG1-2: L=90 ft, 
L/R=0.45, NCF=3, section depth =54 inch) 
 
 
 
Figure 5.58 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-IG bridge system under Strength I limit state loading (2IG-3: L=90 ft, 
L/R=0.45, NCF=5, section depth =54 inch) 
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Figure 5.59 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-TFG1 bridge system under Strength I limit state loading (2TFG1-5: L=90 ft, 
L/R=0.3, NCF=3, section depth =43 inch) 
 
 
 
Figure 5.60 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-IG bridge system under Strength I limit state loading (2IG-7: L=90 ft, 
L/R=0.3, NCF=5, section depth =43 inch) 
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Figure 5.61 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-TFG1 bridge system under Strength I limit state loading (2TFG1-8: L=120 
ft, L/R=0.3, NCF=3, section depth =72 inch) 
 
 
 
Figure 5.62 Normalized load versus vertical displacement at mid span of each girder from 
a curved two-IG bridge system under Strength I limit state loading (2IG-7: L=120 ft, 
L/R=0.3, NCF=5, section depth =72 inch) 
 
 
0.0
0.5
1.0
1.5
2.0
2.5
0 5 10 15 20 25 30 35 40 45
N
o
rm
a
li
ze
d
 L
o
a
d
 
Vertical displacement (inch) 
G1
G2
1.25Dc+1.5Dw 
1.25Dc 
1.25Dc+1.5Dw+1.75LL 
1.25Dc+1.5Dw+5.3LL 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
0 5 10 15 20 25 30 35 40 45 50
N
o
rm
a
li
ze
d
 L
o
a
d
 
Vertical displacement (inch) 
G1
G2
1.25Dc+1.5Dw 
1.25Dc 
1.25Dc+1.5Dw+1.75LL 
1.25Dc+1.5Dw+4.7LL 
  
294 
 
 
Figure 5.63 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Strength I limit state loading (4TFG1-1: L=90 ft, 
L/R=0.45, NCF=3, section depth =54 inch) 
 
 
 
Figure 5.64 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Strength I limit state loading (4IG-3: L=90 ft, 
L/R=0.45, NCF=5, section depth =54 inch) 
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Figure 5.65 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Strength I limit state loading (4TFG1-5: L=90 ft, 
L/R=0.45, NCF=3, section depth =43 inch) 
 
 
 
Figure 5.66 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Strength I limit state loading (4IG-5: L=90 ft, 
L/R=0.45, NCF=5, section depth =43 inch) 
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Figure 5.67 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Strength I limit state loading (4TFG1-6: L=90 ft, 
L/R=0.3, NCF=3, section depth =54 inch) 
 
 
 
Figure 5.68 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Strength I limit state loading (4IG-8: L=90 ft, 
L/R=0.3, NCF=5, section depth =54 inch) 
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Figure 5.69 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Strength I limit state loading (4TFG1-10: L=90 
ft, L/R=0.3, NCF=3, section depth =43 inch) 
 
 
 
Figure 5.70 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Strength I limit state loading (4IG-10: L=90 ft, 
L/R=0.3, NCF=5, section depth =43 inch) 
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Figure 5.71 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Strength I limit state loading (4TFG1-11: 
L=120 ft, L/R=0.45, NCF=3, section depth =72 inch) 
 
 
 
Figure 5.72 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Strength I limit state loading (4IG-13: L=120 ft, 
L/R=0.45, NCF=5, section depth =72 inch) 
 
 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
0 5 10 15 20 25 30 35 40
N
o
rm
a
li
ze
d
 L
o
a
d
 
Vertical displacement (inch) 
G1
G2
G3
G4
1.25Dc+1.5Dw 
1.25Dc 
1.25Dc+1.5Dw+1.75LL 
1.25Dc+1.5Dw+3.2LL 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
0 5 10 15 20 25 30 35
N
o
rm
a
li
ze
d
 L
o
a
d
 
Vertical displacement (inch) 
G1
G2
G3
G4
1.25Dc+1.5Dw 
1.25Dc 
1.25Dc+1.5Dw+1.75LL 
1.25Dc+1.5Dw+3.6LL 
  
299 
 
 
Figure 5.73 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system under Strength I limit state loading (4TFG1-15: 
L=120 ft, L/R=0.3, NCF=3, section depth =72 inch) 
 
 
 
Figure 5.74 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system from under Strength I limit state loading (4IG-17: L=120 
ft, L/R=0.3, NCF=5, section depth =72 inch) 
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Figure 5.75 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-TFG1 bridge system from under Strength I limit state loading (4TFG1-19: 
L=120 ft, L/R=0.3, NCF=3, section depth =60 inch) 
 
 
 
Figure 5.76 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Strength I limit state loading (4IG-19: L=120 ft, 
L/R=0.3, NCF=5, section depth =60 inch) 
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Figure 5.77 Normalized load versus vertical displacement at mid span of each girder from  
a curved four-TFG1 bridge system under Strength I limit state loading (4TFG1-20: 
L=150 ft, L/R=0.2, NCF=3, section depth =90 inch) 
 
 
 
Figure 5.78 Normalized load versus vertical displacement at mid span of each girder from 
a curved four-IG bridge system under Strength I limit state loading (4IG-21: L=150 ft, 
L/R=0.2, NCF=5, section depth =90 inch) 
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Figure 5.79 Cross section area of G2 versus number of interior cross frames for curved 
two-girder bridge system designs (L=90 ft, L/R=0.45, section depth =54 inch) 
 
 
 
Figure 5.80 Cross section area of G2 versus number of interior cross frames for curved 
two-girder bridge system designs (L=90 ft, L/R=0.3, section depth =54 inch) 
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Figure 5.81 Cross section area of G2 versus number of interior cross frames for curved 
two-girder bridge system designs (L=120 ft, L/R=0.3, section depth=72 inch) 
 
 
 
Figure 5.82 Total cross section area versus number of interior cross frames for curved 
four-girder bridge system designs (L=90 ft, L/R=0.45, section depth=54 inch) 
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Figure 5.83 Total cross section area versus number of interior cross frames for curved 
four-girder bridge system designs (L=90 ft, L/R=0.3, section depth=54 inch) 
 
 
 
Figure 5.84 Total cross section area versus number of interior cross frames for curved 
four-girder bridge system designs (L=120 ft, L/R=0.45, section depth=72 inch) 
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Figure 5.85 Total cross section area versus number of interior cross frames for curved 
four-girder bridge system designs (L=120 ft, L/R=0.3, section depth=72 inch) 
 
 
 
Figure 5.86 Total cross section area versus number of interior cross frames for curved 
four-girder bridge system designs (L=150 ft, L/R=0.2, section depth=90 inch) 
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Figure 5.87 Flange lateral bending moment (ML) in top flange along the span of G2 from 
curved two-girder bridge systems for deck placement condition from first order effects 
 
 
 
Figure 5.88 Flange lateral bending moment (ML) in top flange along the span of G2 from 
curved two-girder bridge systems for deck placement condition from only second order 
effects 
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Figure 5.89 Flange lateral bending moment (ML) in top flange along the span of G2 from 
curved two-girder bridge systems for deck placement condition including first and second 
order effects 
 
 
 
Figure 5.90 Flange lateral bending moment (ML) in top flange along the span of G2 of 
curved two-girder bridge systems under factored Constructibility limit state load for deck 
placement condition (2TFG1-2 and 2IG-3: L=90 ft, L/R=0.45, section depth=54 inch) 
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Figure 5.91 Flange lateral bending moment (ML) in top flange along the span of G2 of 
curved two-girder bridge systems under factored Constructibility limit state load for deck 
placement condition (2TFG1-5 and 2IG-7: L=90 ft, L/R=0. 3, section depth=54 inch) 
 
 
 
Figure 5.92 Flange lateral bending moment (ML) in top flange along the span of G2 of 
curved two-girder bridge systems under factored Constructibility limit state load for deck 
placement condition (2TFG1-8 and 2IG-9: L=120 ft, L/R=0.3, section depth=72 inch) 
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Figure 5.93 Flange lateral bending moment (ML) in top flange along the span of G4 of 
curved four-girder bridge systems under factored Constructibility limit state load for deck 
placement condition (4TFG1-1 and 4IG-3: L=90 ft, L/R=0.45, section depth=54 inch) 
 
 
 
Figure 5.94 Flange lateral bending moment (ML) in top flange along the span of G4 of 
curved four-girder bridge systems under factored Constructibility limit state load for deck 
placement condition (4TFG1-5 and 4IG-5: L=90 ft, L/R=0.45, section depth=43 inch) 
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Figure 5.95 Flange lateral bending moment (ML) in top flange along the span of G4 of 
curved four-girder bridge systems under factored Constructibility limit state load for deck 
placement condition (4TFG1-6 and 4IG-8: L=90 ft, L/R=0.3, section depth=54 inch) 
 
 
 
Figure 5.96 Flange lateral bending moment (ML) in top flange along the span of G4 of 
curved four-girder bridge systems under factored Constructibility limit state load for deck 
placement condition (4TFG1-10 and 4IG-10: L=90 ft, L/R=0.3, section depth=43 inch) 
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Figure 5.97 Flange lateral bending moment (ML) in top flange along the span of G4 of 
curved four-girder bridge systems under factored Constructibility limit state load for deck 
placement condition (4TFG1-11 and 4IG-13: L=120 ft, L/R=0.45, section depth=72 inch) 
 
 
 
Figure 5.98 Flange lateral bending moment (ML) in top flange along the span of G4 of 
curved four-girder bridge systems under factored Constructibility limit state load for deck 
placement condition (4TFG1-15 and 4IG-17: L=120 ft, L/R=0.3, section depth=72 inch) 
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Figure 5.99 Flange lateral bending moment (ML) in top flange along the span of G4 of 
curved four-girder bridge systems under factored Constructibility limit state load for deck 
placement condition (4TFG1-19 and 4IG-19: L=120 ft, L/R=0.3, section depth=60 inch) 
 
 
 
Figure 5.100 Flange lateral bending moment (ML) in top flange along the span of G4 of 
curved four-girder bridge systems under factored Constructibility limit state load for deck 
placement condition (4TFG1-20 and 4IG-21: L=150 ft, L/R=0.2, section depth=90 inch) 
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Figure 5.101 Warping normal stress (fl) in top flange along the span of G2 of curved two-
girder bridge systems under factored Constructibility limit state load for deck placement 
condition (2TFG1-2 and 2IG-3: L=90 ft, L/R=0.45, section depth=54 inch) 
 
 
 
Figure 5.102 Warping normal stress (fl) in top flange along the span of G4 of curved four-
girder bridge systems under factored Constructibility limit state load for deck placement 
condition (4TFG1-1 and 4IG-3: L=90 ft, L/R=0.45, section depth=54 inch) 
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Figure 5.103 Normalized maximum normal stress in G2 versus normalized stiffness of 
G1 from curved two-girder bridge systems under factored Constructibility limit state load 
for deck placement condition (2TFG1-2 and 2IG-3: L=90 ft, L/R=0.45, section depth=54 
inch) 
 
 
 
Figure 5.104 Normalized maximum normal stress in G2 versus normalized stiffness of 
G1 from curved two-girder bridge systems under factored Constructibility limit state load 
for deck placement condition (2TFG1-5 and 2IG-7: L=90 ft, L/R=0.3, section depth=54 
inch) 
 
 
0.92
0.94
0.96
0.98
1.00
1.02
1.04
0.8 1.3 1.8 2.3 2.8 3.3
N
o
rm
a
li
ze
d
 m
a
x
im
u
m
 n
o
rm
a
l 
st
re
ss
  
Stiffness ratio 
IG
TFG1
0.88
0.90
0.92
0.94
0.96
0.98
1.00
1.02
1.04
1.06
1.08
0.8 1.3 1.8 2.3 2.8 3.3
N
o
rm
a
li
ze
d
 m
a
x
im
u
m
 n
o
rm
a
l 
st
re
ss
  
Stiffness ratio 
IG
TFG1
Final design 
Final design 
  
315 
 
 
Figure 5.105 Normalized maximum normal stress in G4 versus normalized stiffness of 
G1 from curved four-girder bridge systems under factored Constructibility limit state 
load for deck placement condition (4TFG1-1 and 4IG-3: L=90 ft, L/R=0.45, section 
depth=54 inch)  
 
 
 
Figure 5.106 Normalized maximum normal stress in G4 versus normalized stiffness of 
G1 from curved four-girder bridge systems under factored Constructibility limit state 
load for deck placement condition (4TFG1-6 and 4IG-8: L=90 ft, L/R=0.3, section 
depth=54 inch) 
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Figure 5.107 Normalized maximum normal stress in G4 versus normalized stiffness of 
G1 from curved four-girder bridge systems under factored Constructibility limit state 
load for deck placement condition (4TFG1-11 and 4IG-13: L=120 ft, L/R=0.45, section 
depth=72 inch) 
 
 
 
Figure 5.108 Normalized maximum normal stress in G4 versus normalized stiffness of 
G1 from curved four-girder bridge systems under factored Constructibility limit state 
load for deck placement condition (4TFG1-15 and 4IG-17: L=120 ft, L/R=0.3, section 
depth=72 inch) 
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Figure 5.109 Vertical displacement along the span of G2 from curved two-girder bridge 
systems under factored Constructibility limit state load for deck placement condition 
(2TFG1-2 and 2IG-3: L=90 ft, L/R=0.45, section depth=54 inch) 
 
 
 
Figure 5.110 Vertical displacement along the span of G2 from curved two-girder bridge 
systems under factored Constructibility limit state load for deck placement condition 
(2TFG1-5 and 2IG-7: L=90 ft, L/R=0.3, section depth=54 inch) 
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Figure 5.111 Vertical displacement along the span of G2 from curved two-girder bridge 
systems under factored Constructibility limit state load for deck placement condition 
(2TFG1-8 and 2IG-9: L=120 ft, L/R=0.3, section depth=72 inch) 
 
 
 
Figure 5.112 Vertical displacement along the span of G4 from curved four-girder bridge 
systems under factored Constructibility limit state load for deck placement condition 
(4TFG1-1 and 4IG-3: L=90 ft, L/R=0.45, section depth=54 inch) 
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Figure 5.113 Vertical displacement along the span of G4 from curved four-girder bridge 
systems under factored Constructibility limit state load for deck placement condition 
(4TFG1-5 and 4IG-5: L=90 ft, L/R=0.45, section depth=43 inch) 
 
 
 
Figure 5.114 Vertical displacement along the span of G4 from curved four-girder bridge 
systems under factored Constructibility limit state load for deck placement condition 
(4TFG1-6 and 4IG-8: L=90 ft, L/R=0.3, section depth=54 inch) 
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Figure 5.115 Vertical displacement along the span of G4 from curved four-girder bridge 
systems under factored Constructibility limit state load for deck placement condition 
(4TFG1-10 and 4IG-10: L=90 ft, L/R=0.3, section depth=43 inch) 
 
 
 
Figure 5.116 Vertical displacement along the span of G4 from curved four-girder bridge 
systems under factored Constructibility limit state load for deck placement condition 
(4TFG1-11 and 4IG-13: L=120 ft, L/R=0.45, section depth=72 inch) 
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Figure 5.117 Vertical displacement along the span of G4 from curved four-girder bridge 
systems under factored Constructibility limit state load for deck placement condition 
(4TFG1-15 and 4IG-17: L=120 ft, L/R=0.3 section depth=72 inch) 
 
 
 
Figure 5.118 Vertical displacement along the span of G4 from curved four-girder bridge 
systems under factored Constructibility limit state load for deck placement condition 
(4TFG1-19 and 4IG-19: L=120 ft, L/R=0.3 section depth=60 inch) 
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Figure 5.119 Vertical displacement along the span of G4 from curved four-girder bridge 
systems under factored Constructibility limit state load for deck placement condition 
(4TFG1-20 and 4IG-21: L=150 ft, L/R=0.2 section depth=90 inch) 
 
 
 
Figure 5.120 Load versus vertical displacement at mid span of G2 from curved two-
girder bridge systems without concrete deck under Constructibility limit state loading for 
deck placement condition (2TFG1-2 and 2IG-3: L=90 ft, L/R=0.45, section depth=54 
inch) 
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Figure 5.121 Load versus vertical displacement at mid span of G2 from curved two-
girder bridge systems without concrete deck under Constructibility limit state loading for 
deck placement condition (2TFG1-5 and 2IG-7: L=90 ft, L/R=0.3, section depth=54 inch) 
 
 
 
Figure 5.122 Load versus vertical displacement at mid span of G2 from curved two-
girder bridge systems without concrete deck under Constructibility limit state loading for 
deck placement condition (2TFG1-8 and 2IG-9: L=120 ft, L/R=0.3, section depth=72 
inch) 
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Figure 5.123 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems without concrete deck under Constructibility limit state loading for 
deck placement condition (4TFG1-1 and 4IG-3: L=90 ft, L/R=0.45, section depth=54 
inch) 
 
 
 
Figure 5.124 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems without concrete deck under Constructibility limit state loading for 
deck placement condition (4TFG1-5 and 4IG-5: L=90 ft, L/R=0.45, section depth=43 
inch) 
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Figure 5.125 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems without concrete deck under Constructibility limit state loading for 
deck placement condition (4TFG1-6 and 4IG-8: L=90 ft, L/R=0.3, section depth=54 inch) 
 
 
 
Figure 5.126 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems without concrete deck under Constructibility limit state loading for 
deck placement condition (4TFG1-10 and 4IG-10: L=90 ft, L/R=0.3, section depth=43 
inch) 
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Figure 5.127 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems without concrete deck under Constructibility limit state loading for 
deck placement condition (4TFG1-11 and 4IG-13: L=120 ft, L/R=0.45, section depth=72 
inch) 
 
 
 
Figure 5.128 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems without concrete deck under Constructibility limit state loading for 
deck placement condition (4TFG1-15 and 4IG-17: L=120 ft, L/R=0.3, section depth=72 
inch) 
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Figure 5.129 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems without concrete deck under Constructibility limit state loading for 
deck placement condition (4TFG1-19 and 4IG-19: L=120 ft, L/R=0.3, section depth=60 
inch) 
 
 
 
Figure 5.130 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems without concrete deck under Constructibility limit state loading for 
deck placement condition (4TFG1-20 and 4IG-21: L=150 ft, L/R=0.2, section depth=90 
inch) 
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Figure 5.131 Vertical displacement along the span of G2 from curved two-girder bridge 
systems  with concrete deck under factored Service II limit state load (2TFG1-2 and 2IG-
3: L=90 ft, L/R=0.45, section depth=54 inch) 
 
 
 
Figure 5.132 Vertical displacement along the span of G2 from curved two-girder bridge 
systems with concrete deck under factored Service II limit state load (2TFG1-5 and 2IG-
7: L=90 ft, L/R=0.3, section depth=54 inch) 
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Figure 5.133 Vertical displacement along the span of G2 from curved two-girder bridge 
systems with concrete deck under factored Service II limit state load (2TFG1-8 and 2IG-
9: L=120 ft, L/R=0.3, section depth=72 inch) 
 
 
 
Figure 5.134 Vertical displacement along the span of G4 from curved four-girder bridge 
systems with concrete deck under factored Service II limit state load (4TFG1-1 and 4IG-
3: L=90 ft, L/R=0.45, section depth=54 inch) 
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Figure 5.135 Vertical displacement along the span of G4 from curved four-girder bridge 
systems with concrete deck under factored Service II limit state load (4TFG1-5 and 4IG-
5: L=90 ft, L/R=0.45, section depth=54 inch) 
 
 
 
Figure 5.136 Vertical displacement along the span of G4 from curved four-girder bridge 
systems with concrete deck under factored Service II limit state load (4TFG1-8 and 4IG-
8: L=90 ft, L/R=0.3, section depth=54 inch) 
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Figure 5.137 Vertical displacement along the span of G4 from curved four-girder bridge 
systems with concrete deck under factored Service II limit state load (4TFG1-10 and 
4IG-10: L=90 ft, L/R=0.3, section depth=43 inch) 
 
 
 
Figure 5.138 Vertical displacement along the span of G4 from curved four-girder bridge 
systems with concrete deck under factored Service II limit state load (4TFG1-11 and 
4IG-13: L=120 ft, L/R=0.45, section depth=72 inch) 
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Figure 5.139 Vertical displacement along the span of G4 from curved four-girder bridge 
systems with concrete deck under factored Service II limit state load (4TFG1-15 and 
4IG-17: L=120 ft, L/R=0.3, section depth=72 inch) 
 
 
 
Figure 5.140 Vertical displacement along the span of G4 from curved four-girder bridge 
systems with concrete deck under factored Service II limit state load (4TFG1-19 and 
4IG-19: L=120 ft, L/R=0.3, section depth=60 inch) 
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Figure 5.141 Vertical displacement along the span of G4 from curved four-girder bridge 
systems with concrete deck under factored Service II limit state load (4TFG1-20 and 
4IG-21: L=150 ft, L/R=0.2, section depth=90 inch) 
 
 
 
Figure 5.142 Load versus vertical displacement at mid span of G2 from curved two-
girder bridge systems with concrete deck under Service II limit state loading (2TFG1-2 
and 2IG-3: L=90 ft, L/R=0.45, section depth=54 inch) 
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Figure 5.143 Load versus vertical displacement at mid span of G2 from curved two-
girder bridge systems with concrete deck under Service II limit state loading (2TFG1-5 
and 2IG-7: L=90 ft, L/R=0.3, section depth=54 inch) 
 
 
 
Figure 5.144 Load versus vertical displacement at mid span of G2 from curved two-
girder bridge systems with concrete deck under Service II limit state loading (2TFG1-8 
and 2IG-9: L=120 ft, L/R=0.3, section depth=72 inch) 
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Figure 5.145 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems with concrete deck under Service II limit state loading (4TFG1-1 
and 4IG-3: L=90 ft, L/R=0.45, section depth=54 inch) 
 
 
 
Figure 5.146 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems with concrete deck under Service II limit state loading (4TFG1-5 
and 4IG-5: L=90 ft, L/R=0.45, section depth=43 inch) 
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Figure 5.147 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems with concrete deck under Service II limit state loading (4TFG1-6 
and 4IG-8: L=90 ft, L/R=0.3, section depth=54 inch) 
 
 
 
Figure 5.148 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems with concrete deck under Service II limit state loading (4TFG1-10 
and 4IG-10: L=90 ft, L/R=0.3, section depth=43 inch) 
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Figure 5.149 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems with concrete deck under Service II limit state loading (4TFG1-11 
and 4IG-13: L=120 ft, L/R=0.45, section depth=72 inch) 
 
 
 
Figure 5.150 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems with concrete deck under Service II limit state loading (4TFG1-15 
and 4IG-17: L=120 ft, L/R=0.3, section depth=72 inch) 
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Figure 5.151 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems with concrete deck under Service II limit state loading (4TFG1-19 
and 4IG-19: L=120 ft, L/R=0.3, section depth=60 inch) 
 
 
 
Figure 5.152 Load versus vertical displacement at mid span of G4 from curved four-
girder bridge systems with concrete deck under Service II limit state loading (4TFG1-20 
and 4IG-21: L=150 ft, L/R=0.2, section depth=90 inch) 
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Chapter 6:   Detailing of Girders and Cross Frames 
6.1  Introduction 
Horizontally curved steel bridge girders develop both vertical displacement and cross 
section rotation under vertical load. To overcome the vertical displacement due to the 
dead loads, each girder is usually fabricated with upward camber, so that the girder has 
the intended final elevation under dead loads. For curved girders, due to the cross section 
rotations that occur under vertical load, the girders will not be plumb under all vertical 
loading conditions. The bridge engineer may intend for the girders to be plumb under a 
certain dead load condition, for example, the girders may be plumb under the total dead 
load condition. One way to make curved girders plumb under a certain dead load 
condition is to fabricate a reverse rotation into the girders (to overcome the cross section 
rotation under dead load), but it is difficult and expensive to fabricate girders this way. 
An alternate way, used in practice, to overcome the cross section rotation under dead load 
is to detail the cross frames (CFs) in a way which pre-twists the girders when the cross 
frames are installed, to overcome the expected cross section rotations and make the 
girders plumb under the corresponding dead load condition.  
According to the Guidelines for Design for Constructibility (AASHTO/NSBA, 
2003), there are three detailing methods for curved conventional I-girder (IG) bridges 
which are used to produce plumb girders under a certain dead load condition. The 
methods are no load fit (NLF), total (full) dead load fit (TDLF), and steel dead load fit 
(SDLF).  
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In the no load (NL) condition, the girders are supported by the bearings and 
temporary shoring (or other supports) within the span, to be in a condition of 
approximately no vertical deflection from their fabricated position. For the steel dead 
load (SDL) condition, the weight of only the steel girders (and cross frames) is acting on 
the assembled girder system (without the concrete deck). For the total dead load (TDL) 
condition, the weight of the steel girders, cross frames, and concrete deck is acting on the 
assembled girder system (without the girders acting compositely with the concrete deck). 
Note that the response of the assembled girder system in all cases is the response of the 
non-composite system (before the girders are composite with the concrete deck). 
For NLF, the cross frames are detailed to fit the girders (fabricated with camber) 
under the NL condition. For SDLF, the cross frames are detailed to fit the girders 
(fabricated with camber) under the SDL with the girders plumb in the SDL condition. For 
TDLF, the cross frames are detailed to fit the girders (fabricated with camber) under the 
TDL condition. For curved IG systems, the cross frames are often installed under the NL 
condition. As an example, the girders could be supported by the bearings and by 
temporary shoring within the span to be at an approximate NL condition, and the cross 
frames detailed using SDLF are installed under the NL condition. The effect of installing 
cross frames detailed for SDLF under the NL condition is to pre-twist the girders to 
overcome the cross section rotation due to the SDL. After the temporary shoring is 
removed and the SDL is applied, the girders are expected to be plumb. 
NLF is recommended for curved, radially-supported IG bridges by White et al. 
(2012). A detailing method between NLF and SDLF, which uses girder deformations 
between those corresponding to the NL and SDL conditions (i.e., detailing between NLF 
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and SDLF) is recommended if cross frames are to be installed under unshored SDL 
erection conditions (White et al., 2012). 
For curved girders with the TFG1 section, the large torsional stiffness and strength of 
the TFG1 section enable an individual girder to carry its own weight across the span 
without any temporary shoring (or other supports) within the span. Therefore, unlike a 
curved IG bridge, a curved TFG1 bridge can be erected and assembled without any 
shoring, which means the girder system could be assembled under the condition where 
the individual girders carry their own weight. This condition is termed the individual 
girder steel dead load (ISDL) condition in the present study, to indicate that the steel dead 
load is carried by individual curved girders not acting as a system with cross frames. 
Since curved TFG1s can carry their weight without shoring, it may be economical to 
install the cross frames under the ISDL condition. This approach is in contrast to the 
approach used for curved IGs, which cannot carry their own weight, for which installing 
the cross frames in the NL condition is recommended (White et al., 2012) considering 
that temporary shoring is already in place during the girder erection. 
In this chapter, two new detailing methods for curved TFG1 bridge girder systems 
are proposed, based on the approach of installing the cross frames under the ISDL 
condition. The two methods are: (1) to detail the cross frames to fit the girder cross 
sections in the displaced and rotated condition due to ISDL (ISDLF); and (2) to detail the 
cross frames to fit the girder cross sections in the displaced and rotated condition due to 
ISDL, plus the remaining dead load (RDL), where RDL has been applied to the 
assembled girder system (RDLF). For these two new detailing methods, the cross frames 
are installed under the ISDL condition in which the girder cross sections are displaced 
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and rotated under the SDL applied to the individual girders.  
Section 6.2 presents the various procedures for detailing and installing the cross 
frames in curved girder systems. Section 6.3 presents and compares FE analysis results 
for different detailing methods applied curved girder bridge systems. Section 6.4 
summarizes the results and gives recommendations. 
6.2  Procedures to Detail and Install Interior Cross Frames 
Five detailing methods are presented, including NLF, SDLF, and TDLF, which are 
used in practice for curved IG bridges; ISDLF and RDLF, which are proposed for curved 
TFG1 bridges. 
6.2.1  Analyses to determine girder deformations for detailing 
To begin the discussion of these detailing methods, the analysis approaches used to 
determine the displacements and cross section rotations under dead load, which are used 
for detailing the girders and cross frames, are summarized. 
For detailing the girders and cross frames for the conventional NLF, SDLF, and 
TDLF methods, the vertical displacements and cross section rotations of each girder and 
the corresponding camber (camber1) are determined as shown in Figure 6.1: 
(1) Start the analysis with the bridge girder system fully assembled (without the 
concrete deck) but with no camber (Figure 6.1 (a)); 
(2) Apply the SDL (weight of the girders and cross frames) to the assembled 
system and determine the vertical displacements and cross section rotations of 
each girder (Figure 6.1 (b)); 
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(3) Apply the RDL (weight of the concrete deck) to the assembled system to reach 
the TDL condition, and determine the total vertical displacements and cross 
section rotations of each girder (Figure 6.1 (c)); 
(4) The required camber (camber1) is the reverse of the displacements from step 3 
for each girder (Figure 6.1 (d)). 
For detailing the girders and cross frames for the proposed ISDLF and RDLF 
methods, the vertical displacements and cross section rotations of each girder, and the 
corresponding camber  (camber2) are determined as shown in Figure 6.2: 
(1) Start the analysis with each individual girder (assuming the interior cross frames 
are not installed and the system is not assembled)  (Figure 6.2 (a)); 
(2) Apply the SDL to each girder, and determine the vertical displacements and cross 
section rotations of each individual girder due to SDL (i.e., the ISDL condition) 
(Figure 6.2 (b)); 
(3) Add the interior cross frame to the analysis model, and apply the RDL to the 
assembled system, and determine increments of the vertical displacements and 
cross section rotations of each girder in the assembled system due to the RDL 
(Figure 6.2 (c)); 
(4) The required camber (camber2) is the reverse of the sum of the vertical 
displacements from step 2 and 3 for each girder (Figure 6.2 (d)) 
6.2.2  No load fit (NLF) 
As shown in Figure 6.3, the procedure to detail the girders and cross frames, and 
then install the cross frames using NLF detailing includes the following steps:  
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(1) Fabricate the girders with camber1 which is determined as described earlier 
(Figure 6.1). Fabricate the cross frames to fit the girders (fabricated with 
camber1) in the NL condition (shown in Figure 6.3 (b)). Put the girders in the 
approximate NL condition using temporary shoring (or other supports) (Figure 
6.3 (a)); 
(2) Install the cross frames to create the assembled system, and since the cross 
frames have NLF and the girders are in the NL condition, the cross frames are 
stress free (Figure 6.3 (b)); 
(3) Apply the TDL, and each girder has the intended final elevation, but the 
girders are not plumb due to the cross section rotations of the girders in the 
assembled system under TDL (Figure 6.3 (c)).  
As a result of NLF detailing, the girders have the intended final (with the TDL 
applied) elevation, but have cross section rotations causing the girders to not be plumb. 
The procedure above is the simplest way to install the cross frames using NLF 
detailing because the cross frames are installed in the NL condition.  For bridge girders 
(e.g., TFG1s) that can carry their own weight without temporary shoring within the span, 
it may be convenient to install the cross frames in the ISDL condition even though they 
are detailing using NLF. It can be shown that when the girder system (girders and cross 
frames) is responding in the linear elastic range, the final response (vertical 
displacements, cross section rotations, internal forces in the cross frames, and stresses in 
the girders) of the girder system to the procedure of installing cross frames in the ISDL 
condition with NLF detailing is the same as the final response of the girder system to the 
procedure of installing cross frames in the NL condition and then applying the SDL. 
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6.2.3  Total dead load fit (TDLF) 
When TDLF detailing is used, the girders and cross frames are detailed to attempt to 
overcome the vertical displacements and cross section rotations of the girder system 
induced by the weight of the girders, cross frames, and concrete deck. Figure 6.4 presents 
the procedure to detail the girders and cross frames, and then install the cross frames 
using TDLF detailing, as follows: 
(1) Fabricate the girders with camber1 which is determined as described earlier 
(Figure 6.1). Fabricate the cross frames to fit the girders after the girder system 
displaces under the TDL, including the camber (camber1), and assuming the 
girders are plumb under the TDL. Put the girders in the approximate NL 
condition (Figure 6.4 (a)); 
(2) Attach the cross frames to one girder in the approximate NL condition and note 
the lack-of-fit between the cross frames and the other girder (Figure 6.4 (b)); 
(3) Attach the cross frames to the other girder (cross frames installed). Forces are 
used to overcome the lack-of-fit, and the girders are pre-twisted (cross sections 
rotated) opposite to the cross section rotations due to the TDL (Figure 6.4 (c)); 
(4) Apply the TDL, and if there is no coupling between the cross section rotations 
and vertical displacements, each girder reaches its intended final elevation and 
the girders are plumb. Curved girders, however, have coupling between the 
cross section rotations and the vertical displacements. Therefore, as shown by 
FE analysis results presented later, each girder has a slightly positive elevation 
(above the intended final elevation) and the girders are not completely plumb 
(Figure 6.4 (d)). 
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6.2.4  Steel dead load fit (SDLF) 
When SDLF detailing is used, the girders and cross frames are detailed to attempt to 
overcome the vertical displacements and cross section rotations of the girder system 
induced by the weight of the girders (and cross frames). Figure 6.5 presents the procedure 
to detail the girders, and then install the cross frames using SDLF detailing, as follows: 
(1) Fabricate the girders with camber1 which is determined as described earlier 
(Figure 6.1). Fabricate the cross frames to fit the girders after the girder system 
displaces under the SDL, including the camber (camber1) and assuming the 
girders are plumb under the SDL. Put the girders in the approximate NL 
condition (Figure 6.5 (a)); 
(2) Attach the cross frames to one girder in the approximate NL condition and note 
the lack-of-fit between the cross frames and the other girder (Figure 6.5 (b)); 
(3) Attach the cross frames to the other girder (cross frames installed). Forces are 
used to overcome the lack-of-fit, and the girders are pre-twisted (cross sections 
rotated) opposite to the cross section rotations due to the SDL (Figure 6.5 (c)); 
(4) Apply the SDL, and when there is no coupling between the cross section 
rotations and vertical displacements, each girder has positive vertical 
displacement (camber minus the vertical displacement due to the SDL) and the 
girders are plumb. Curved girders, however, have coupling between the cross 
section rotations and the vertical displacements. Therefore, as shown by FE 
analysis results presented later, each girder under the SDL has an elevation 
above the intended final elevation (which is the camber minus the vertical 
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displacement due to the SDL), and the girders are not completely plumb 
(Figure 6.5 (d)); 
(5) Apply the RDL (to reach the TDL condition), and each girder has a slightly 
positive elevation (above the intended final elevation) and the girders are not 
plumb due to the cross section rotations under the RDL (Figure 6.5 (e)). 
6.2.5  Individual steel dead load fit (ISDLF) 
For a curved TFG1 bridge system, the individual girders can carry their own weight 
across the span without temporary shoring (or other supports) within the span. This 
observed response creates the opportunity to install the cross frames with the girder cross 
sections in their displaced and rotated condition under the ISDL condition. On the 
contrary, for curved IGs which cannot carry their weight across the span without shoring 
within the span, the NL condition is an appropriate condition for installing the cross 
frames. The procedure to detail the girders and cross frames, and then install the cross 
frames using ISDLF detailing, as shown in Figure 6.6, includes following steps: 
(1) Fabricate the girders with camber2, which is determined as described earlier 
(Figure 6.2). Fabricate the cross frames to fit the girders (fabricated with 
camber2), after the individual girders displace and rotate under the ISDL 
condition (Figure 6.6 (a)); 
(2) Put each girder in the ISDL condition (Figure 6.6 (b)); 
(3) Install the cross frames to create the assembled system, and since the cross 
frames have ISDLF, the cross frames are stress free (Figure 6.6 (c)) ; 
(4) Apply the RDL (to reach the TDL condition), each girder reaches the intended 
final elevation, but the girders are not plumb due to the cross section rotations 
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of the individual girders from the ISDL condition, plus the cross section 
rotations of the girder systems acting within the assembled girder system under 
the RDL (Figure 6.6 (d)). 
6.2.6  Remaining dead load fit (RDLF) 
The procedure to detail the girders and cross frames, and then install the cross frames 
using RDLF detailing, as shown in Figure 6.7, includes the following steps: 
(1) Fabricate the girders with camber2, which is determined as described earlier 
(Figure 6.2). Fabricate the cross frames to fit the girders (fabricated with 
camber2), after the individual girders displace and rotate under the ISDL 
condition and after the girders displace under the RDL applied to the 
assembled girder system (in other words, after the TDL displacement used to 
determine camber2 has occurred) but with the girder rotated in the ISDL 
condition (Figure 6.7 (a)); 
(2) Put each girder in the ISDL condition (Figure 6.7 (b)); 
(3) Attach the cross frames to one girder in the ISDL condition and note the lack 
of fit between the cross frames and the other girder (Figure 6.7 (c)); 
(4) Attach the cross frames to the other girder (cross frames are installed). Forces 
are needed to overcome the lack-of-fit and the girders are pre-twisted opposite 
to the cross section rotations due to ISDL (and RDL) (Figure 6.7 (d)); 
(5) Apply the RDL (to reach the TDL condition), and if there is no coupling 
between the cross section rotations and the vertical displacements, each girder 
reaches the intended final elevation, and the girders have the cross section 
rotations due to the ISDL. Curved TFG1s, however, have coupling between the 
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cross section rotations and the vertical displacements. Therefore, as shown by 
FE analysis results presented later, each girder has a positive elevation (above 
the intended final elevation) since each girder is lifted up in step 4 due to the 
coupling of cross section rotations and vertical displacements (Figure 6.7 (e)). 
6.3  Analysis of Detailing and Fit-up of Interior Cross Frames 
The different detailing methods were applied to one curved two-girder bridge and 
four curved four-girder bridges with TFG1s. Model-D1 is used in the FE analyses of the 
response of these bridges to these different detailing methods. Corresponding bridges 
with IGs were also studied for the conventional NLF, SDLF and TDLF detailing 
methods. The information on the example bridges is shown in Table 6.1. Each bridge was 
designed as presented in Chapter 5.  
To simulate the procedure of installing cross frames with an initial lack-of-fit in the 
FE models, the “remove” and “add” commands available in Abaqus are used. Short stiff 
beam elements are used to model the connections between the cross frames and the 
“other” girder that is not initially connected to the cross frames. Initially, these elements 
are “removed” to simulate the condition that the cross frames are attached to one girder, 
and are not attached to the other girder. Then, the elements are “added” to simulate the 
condition that the cross frames are attached to the other girder. A lack-of-fit between the 
cross frames and the other girder is built into the model by a relative coordinate 
difference between the cross frames and the other girder. An initial displacement is 
imposed to the ends of cross frames which are connected to the other girder to simulate 
the condition of removing the lack-of-fit.  
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Table 6.2 compares the response of two individual girders with the IG section and 
TFG1 section under the ISDL condition. These girders are the inside girder (G1) from 
example bridges 2IG-3 and 2TFG1-2. These results, similar to results from individual 
girder analyses described in Chapters 4 and 5, are presented to show that an individual 
curved IG has large vertical displacements and flange lateral bending stresses (warping 
normal stresses) compared to those of a curved TFG1 under the ISDL condition. 
Therefore, the IG girder cannot carry its weight without temporary shoring (or other 
supports) within the span, so the ISDL condition is not appropriate for installing cross 
frames in a curved IG bridge system. The ISDL condition may be appropriate for 
installing cross frames in a curved TFG1 bridge system as discussed below. 
6.3.1  Final elevations 
The studies of the example bridges assembled using different detailing methods 
considers the final elevations of the girders, as well as other results described later. To 
show the final elevations, the vertical displacements of each girder under the imposed 
conditions (from the detailing methods) were subtracted from the initial cambered 
elevation which reflects the camber fabricated into the girder) as shown in Figure 6.8. 
The figure shows the initial elevation is upward and the vertical displacement is 
downward. If the vertical displacements are zero, the girders remain at the cambered 
elevation. If the vertical displacements are precisely equal to the calculated values of 
∆1 and ∆2used to determine the camber (see Section 6.2.1), then the elevation is zero, 
indicating the elevation is the intended final elevation. 
Figure 6.9 through Figure 6.12 present the final elevations along the span of each 
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girder from the curved two-girder bridges under the TDL. The initial elevation under the 
NL condition, which reflects the cambered elevation, is also shown in these figures. For 
the curved two-girder bridges with IGs, only NLF detailing results in the intended final 
elevation (Figure 6.9 and Figure 6.10). SDLF and TDLF detailing pre-twist the girders 
and also lift up the girders during the cross frame installation, and the final elevation of 
each girder is positive (above the intended final elevation). The difference between the 
final elevation and the intended final elevation is not the same for each girder.  
For curved two-girder bridges with TFG1s, NLF and ISDLF detailing result in the 
intended final elevation for each girder (Figure 6.11 and Figure 6.12).  SDLF, TDLF, and 
RDLF detailing pre-twist and lift up the girders during the cross frame installation, and 
each girder has a different positive elevation (above the intended final elevation). 
Figure 6.13 through Figure 6.32 present the final elevation along the span of each 
girder from the curved four-girder bridges under the TDL. For the IG bridges, only NLF 
detailing results in the intended final elevation for each girder. SDLF and TDLF detailing 
pre-twist and lift up the girders during the cross frame installation, and each girder has a 
different positive elevation (above the intended final elevation). For the TFG1 bridges, 
NLF and ISDLF detailing result in the intended final elevation; for the other methods, 
each girder has a different positive elevation (above the intended final elevation).  
6.3.2  Cross section rotation 
Figure 6.33 through Figure 6.36 present the final cross section rotations along the 
span of each girder from the curved two-girder bridges under the TDL. For the IG bridges 
with TDLF detailing, the final cross section rotations at the locations of the cross frames 
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are small, which indicates that each girder is almost plumb. For the TFG1 bridges with 
TDLF detailing, the final cross section rotations are not large, but are slightly larger than 
those of the IG bridges with TDLF detailing. For NLF and SDLF detailing, each girder 
has significant cross section rotations under the TDL, and the girder is not plumb for the 
curved IG bridge or the curved TFG1 bridge. For the TFG1 bridges, the cross section 
rotations of each girder are larger from ISDLF and RDLF detailing than from NLF, SDLF 
and TDLF detailing. The reason is that an individual curved girder has significant cross 
section rotations (up to about 0.04 radian) under the ISDL condition, which are not 
intended to be overcome by the ISDLF and RDLF detailing methods. 
Figure 6.37 through Figure 6.56 present final cross section rotations along the span 
of each girder from the curved four-girder bridges under the TDL. For the IG bridge with 
TDLF detailing, the cross section rotations of each girder at the cross frame locations are 
small, which indicates that each girder is almost plumb. For NLF and SDLF detailing, 
each girder is not plumb. For the TFG1 bridges with TDLF detailing, the final cross 
section rotations of each girder are small indicating each girder is almost plumb at the 
locations of the cross frames.  
For the TFG1 bridges, the final cross section rotations are larger from ISDLF and 
RDLF than from NLF, SDLF, and TDLF detailing. For the bridges with the shorter (90 
ft) span  (4TFG1-1 and 4TFG1-6), the differences in the cross section rotations between 
ISDLF and NLF detailing, and between RDLF and NLF detailing, are not excessive for 
each girder. For the TFG1 bridges with the longer (120 ft and 150 ft) spans (4TFG1-15 
and 4TFG1-20), for G1 and G2, ISDLF and RDLF detailing result in much larger cross 
section rotations compared to NLF; for G3 and G4, the differences between ISDLF and 
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NLF detailing, and between RDLF and NLF detailing are not as large.  
6.3.3  Final layover 
The final layover is the differential lateral displacement between the top flange and 
the bottom flange of the section (White et al., 2012), which is related to the cross section 
rotation. Figure 6.57 through Figure 6.60 present the final layover of each girder from the 
curved two-girder bridges under the TDL. The results show that each girder has some 
final layover for each detailing method since each girder has an observable cross section 
rotation. The final layover from TDLF detailing is the smallest. For NLF detailing, the 
layover is about 1 inch for both the IG bridge and the TFG1 bridge. For the TFG1 bridge 
with ISDLF detailing, the layover is as much as 2.5 inch. 
Figure 6.61 through Figure 6.80 present the final layover of each girder from the 
curved four-girder bridges under the TDL. For the IG bridge, each girder has a different 
layover for each method. The final layover from NLF detailing is the largest, but it is 
only about 0.5 inch. 
For the curved TFG1 bridges with the shorter (90 ft) spans (4TFG1-1 and 4TFG1-6), 
each girder has a final layover for each method. The final layover from ISDLF is the 
largest, and is about 2 inch (for G1). For the TFG1 bridges with the longer (120 ft and 
150 ft) spans (4TFG1-1 and 4TFG1-20), the final layover from NLF detailing is as large 
as 1.5 inch, while it is as large as 6 inch from ISDLF detailing (G1 from 4TFG1-15), 
which is due to the large cross section rotations from the ISDL condition.  
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6.3.4  Flange lateral bending moment  
Figure 6.81 through Figure 6.84 present the flange lateral bending moment in the top 
flange (ML) along the span of each girder from the curved two-girder bridges under the 
TDL. For the IG bridge (Figure 6.81), compared to NLF detailing, TDLF and SDLF 
detailing increase the flange lateral bending moment at the locations of the cross frames, 
and decrease the flange lateral bending moment at the locations mid way between 
adjacent cross frames. The differences between the results for NLF and SDLF detailing 
are not large.  
For G1 from the curved TFG1 bridge (Figure 6.82), compared to NLF detailing, 
TDLF and SDLF detailing decrease the flange lateral bending moment at the locations 
mid way between adjacent cross frames, and increase the flange lateral bending moment 
at the locations of the cross frames. ISDLF and RDLF detailing increase the flange lateral 
bending moment at the locations mid way between adjacent cross frames. For G2, TDLF 
and SDLF detailing increase the flange lateral bending moment at the locations of the 
cross frames. ISDLF and RDLF detailing decrease the flange lateral bending moment at 
the locations of the cross frames. 
Figure 6.85 through Figure 6.104 present the top flange lateral bending moment (ML) 
along the span of each girder for the curved four-girder bridges under the TDL. For the 
curved IG bridge (Figure 6.85 through Figure 6.88), compared to NLF detailing, TDLF 
and SDLF detailing increase the flange lateral bending moment at the locations of the 
cross frames, and decrease the flange lateral bending moment at the locations mid way 
between two adjacent cross frames.  
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For the curved TFG1 bridges, compared to NLF detailing, TDLF and SDLF detailing 
increase the flange lateral bending moment at the locations of the cross frames; ISDLF 
and RDLF detailing increase the flange lateral bending moment at the locations mid way 
between two adjacent cross frames, and decrease the flange lateral bending moment at the 
locations of the cross frames, especially for the longer (120 ft and 150 ft) spans (4TFG1-
15 and 4TFG1-20) bridges. 
6.3.5  Internal forces in cross frames 
For the curved two-girder bridges, the maximum internal forces in the cross frames 
are shown in Table 6.3 and Table 6.4 under the TDL. In the tables, for the two-girder 
bridges, CF-1 to CF-7 denotes the cross frames at the sixth points (including the 
bearings) in the IG bridge system along the span, and Dia-1 to Dia-5 denotes the 
diaphragms at quarter points (including the bearings) in the TFG1 bridge system along 
the span. For the IG bridge, Table 6.3 shows the maximum internal force in the chords 
and diagonals in each cross frame; for the TFG1 bridge, Table 6.4 gives the shear and 
moment in each diaphragm. For the curved IG bridge, compared to NLF detailing, SDLF 
and TDLF detailing decrease the internal forces. For the curved TFG1 bridge, compared 
to NLF detailing, SDLF and TDLF detailing decrease the internal forces in the end 
diaphragms (Dia-1 and Dia-5), but increase the internal forces in the interior diaphragms; 
ISDLF and RDLF detailing decrease the internal forces in the diaphragms. 
For the curved four-girder bridges, Table 6.5 through Table 6.9 show the internal 
forces in the cross frames for each bridge under the TDL. For the curved four-girder 
bridges, CF1-i (Dia1-i) denotes the cross frames connecting G1 and G2, CF2-i (Dia2-i) 
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denotes the cross frames connecting G2 and G3, and CF3-i (Dia3-i) denotes the cross 
frames connecting G3 and G4. For the curved IG bridge, NLF detailing and SDLF 
detailing result in similar internal forces; NLF detailing and TDLF detailing result in 
similar internal forces for cross frames between G1 and G2, but TDLF detailing increases 
the internal forces for cross frames between G2 and G3. 
For curved TFG1 bridges with diaphragms (4TFG1-1 and 4TFG1-6), compared to 
NLF detailing, SDLF and TDLF detailing decrease the internal forces for diaphragms at 
the bearings, and increase the internal forces for interior diaphragms; ISDLF and RDLF 
detailing increase the internal forces for diaphragms at the bearings, and decrease the 
internal forces for interior diaphragms. For curved TFG1 bridges with cross frames 
(4TFG1-15 and 4TFG1-20), compared to NLF detailing, SDLF and TDLF detailing 
result in internal forces similar for cross frames between G1 and G2; SDLF and TDLF 
detailing decrease the forces in cross frames at the bearings, and increase the internal 
forces in interior cross frames for cross frames between G2 and G3 and between G3 and 
G4; ISDLF and RDLF detailing increase the internal forces for cross frames at the 
bearings, and decrease the internal forces for interior cross frames.  
6.3.6  Girder stresses 
Table 6.10 and Table 6.11 present the maximum normal stress in the top flange of 
each girder from the curved two-girder bridges under the TDL. NLF detailing and SDLF 
detailing result in similar stresses. Compared to NLF detailing, TDLF detailing increases 
the maximum normal stress in G2, and decreases maximum normal stresses in G1 for the 
IG bridge (Table 6.10) and the TFG1 bridge (Table 6.11). For the TFG1 bridge, compared 
 357 
 
to NLF detailing, ISDLF and RDLF detailing decrease the maximum normal stress in G2, 
and increase the maximum normal stress in G1. 
Table 6.12 through Table 6.16 present the maximum normal stress in the top flange 
of each girder from the curved four-girder bridges under the TDL. For the curved IG 
bridge (Table 6.12), NLF and SDLF detailing method result in similar stresses. Compared 
to NLF detailing, TDLF detailing increases the maximum normal stresses in all girders.  
For curved TFG1 bridges, compared to NLF detailing, SDLF and TDLF detailing 
result in similar stresses for G1 and G2; SDLF and TDLF detailing increases the 
maximum normal stresses in G3 and G4. Compared to NLF detailing, ISDLF and RDLF 
detailing decrease the maximum normal stresses in G3 and G4 for 4TFG1-1, 4TFG1-6, 
and 4TFG1-15, but generally increase the maximum normal stresses in the girders for 
4TFG1-20.  
Table 6.17 and Table 6.18 present the maximum normal stress in the top flange of 
each girder from the curved two-girder bridges under the factored Constructibility limit 
state load.  The tables include the flange stress design checks made using Model-S for the 
Consructibility limit state (discussed in Chapter 5). The results for NLF detailing should 
be the same as the Model-S results theoretically, but are different because the NLF (and 
other) results are from Model-D1. For each detailing method, each bridge satisfies the 
design criteria. 
Table 6.19 through Table 6.23 present the maximum normal stress in the top flange 
of each girder from the curved four-girder bridges under the factored Constructibility 
limit state load. Again the tables include the flange stress design checks made using 
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Model-S for the Constructibility limit state (Chapter 5). Compared to NLF detailing, 
SDLF and TDLF detailing increase the normal stresses in G3 and G4, and some of these 
stresses do not satisfy the stress limit for the Constructilibilty limit state for 4TFG1-1 and 
4TFG1-15. For ISDLF and RDLF detailing, the stresses satisfy the design criteria for the 
Constructibility limit state for bridges with the span less than or equal to 120 ft. For 
4TFG1-20 with a span of 150 ft, ISDLF and RDLF detailing increase the maximum 
normal stresses in G1, G2, G3, and G4, and the stresses in G4 do not satisfy the stress 
limit for the Constructibility limit state.  
For bridges with a longer span (e.g., 150 ft), ISDLF and RDLF detailing increase the 
second order effect, which increases the maximum normal stress in the top flange of the 
girders. The girders should be checked for the Constructibility limit state design criteria 
including the increased second order effect if the cross frames are detailed using ISDLF. 
6.3.7  Maximum load capacity 
Model-D1 was used in nonlinear load-displacement analyses to study the maximum 
load capacity of the bridge systems assembled using the different detailing methods. The 
analyses were conducted to study the behavior under the deck placement condition. The 
modified Riks method in Abaqus was used for these analyses. The factored 
Constructibility limit state load is applied, and scaled up to the maximum load capacity. 
The applied load is normalized by the factored Constructibility limit state load. 
Figure 6.105 through Figure 6.118 present the normalized load versus the vertical 
displacement at mid span of the outside girder. For SDLF and TDLF detailing, due to the 
installation of the interior cross frames, there is an initial offset compared to the cambered 
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elevation (cambered girder with no load), as shown in Figure 6.106, Figure 6.108, Figure 
6.110, Figure 6.112, Figure 6.114, Figure 6.115, and Figure 6.118. Note that NLF 
detailing produces no offset. Similarly RDLF detailing produces an offset compared to 
ISDLF detailing due to installation of interior cross frames when the RDL is applied, as 
shown in Figure 6.108, Figure 6.112, Figure 6.114, Figure 6.116, and Figure 6.118. 
Figure 6.105, Figure 6.107, Figure 6.111, and Figure 6.113 show that for the bridges with 
a span of 90 ft, all detailing methods result in similar maximum load capacity. Figure 
6.115 and Figure 6.117 show that for the bridges with spans of 120 ft and 150 ft (4TFG1-
15 and 4TFG1-20), ISDLF and RDLF detailing result in a maximum load capacity that is 
smaller than that with NLF, SDLF and TDLF detailing. There is a margin of safety 
relative to the factored Constructibility limit state load, but nonlinear behavior initiates at 
a load less than the factored Constructibility limit state load for 4TFG1-20.  
6.3.8  Detailing methods for curved TFG1 bridges 
The results above show that NLF and ISDLF detailing result in each girder in a 
curved TFG1 bridge having the intended final elevation. ISDLF detailing has the further 
advantage of not needing to apply forces to the cross frames to install them when the 
girders are in the ISDL condition (without temporary supports within the span). For 
bridges with longer spans (120 ft and 150 ft), each TFG1 has large cross section rotations 
and layover under the ISDL condition, which are maintained by ISDLF detailing. In 
addition, for bridge with longer spans, ISDLF detailing results in a maximum load 
capacity that is smaller than that from NLF detailing, which is the load capacity expected 
by the bridge engineers. Therefore, ISDLF is not appropriate for bridges with longer 
spans. SDLF, TDLF, and RDLF detailing result in each girder in a curved TFG1 bridge 
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having a positive elevation (above the intended final elevation), and installing the cross 
frames with RDLF detailing does not pre-twist the girders enough to overcome the cross 
section rotations of the individual girders from the ISDL condition. 
The load-displacement analyses made using Model-D1 show that the curved TFG1 
bridges have linear elastic response under the SDL or ISDL condition. Therefore, the 
approach of installing the cross frames with the girders in the ISDL condition using NLF 
detailing is expected to produce the same final response as installing the cross frames in 
the NL condition using NLF detailing, and applying the SDL. This approach does not 
require temporary supports within the span, and under TDL each girder has the intended 
final elevation with small cross section rotations and layover. To use NLF detailing and 
install the cross frames in the ISDL condition, forces must be applied to the cross frames 
when the cross frames are installed.  
Figure 6.119 present the total normalized load on bridge 4TFG1-20 versus the 
vertical displacement at mid span of G4. The horizontal lines (with arrows) show a 
reduction in the displacement of G4 when the cross frames are installed with the girders 
in the ISDL condition. The reduction in the displacement of G4 is due to the forces 
(applied to the cross frames) to overcome the lack-of-fit to install the cross frames. The 
forces and corresponding reduction in displacement varies as NLF, SDLF, or TDLF 
detailing (i.e., labelled NLF_ISDL, SDLF_IDSL, or TDLF_ISDL in the figure) are used. 
After the system is assembled, adding the RDL produces a response that is the same as 
that from the procedure of installing the cross frames in the NL condition using NLF, 
SDLF, or TDLF (see Figure 6.118).  
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Figure 6.119 also shows that the girders could be partially supported if the responses 
under the ISDL condition are too large. The forces applied to the cross frames with NLF, 
SDLF, or TDLF detailing to overcome the lack-of-fit would be reduced by partial 
support. After the partial supports are removed, adding the RDL produces a response that 
is the same as that from the procedure of installing the cross frames in the NL condition 
using NLF, SDLF, or TDLF. Finally, Figure 6.119 shows that rather than using partial 
support (e.g., with shoring), a crane could be used to lift girder G4 as forces are applied 
to the cross frames, which would reduce the required forces on the cross frames. 
Therefore, it appears possible to install the cross frames detailed for NLF with the girders 
in the ISDL condition or in a condition where the girders are partially supported. 
 Table 6.24 and Table 6.25 give the maximum internal forces in the chords and 
diagonals of each cross frame for 4TFG1-15 and 4TFG1-20 when the cross frames have 
NLF detailing. The forces in the cross frames are not large, which suggests that the forces 
that need to be applied to the cross frames to install the cross frames with NLF detailing 
are not large. 
6.4  Summary of Results 
From the results presented in this chapter,  
Table 6.26 summarizes the advantages and disadvantages of different detailing 
methods for TFG1 bridges, as follows: 
(1) Conventional NLF, SDLF, and TDLF detailing may require temporary 
supports within the span to put the girders in the approximate NL condition; 
ISDLF and RDLF do not need temporary supports within the span. It may be 
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possible to use NLF, SDLF, or TDLF detailing without temporary supports, by 
maintaining the girders in the ISDL condition, but applying forces to the cross 
frames to install the cross frames (detailed using NLF, SDLF, or TDLF). These 
forces will be greater than when the girders are in the NL condition. 
(2) With NLF and ISDLF detailing, each girder reaches the intended final 
elevation under the TDL. SDLF, TDLF and RDLF detailing do not produce the 
intended final elevation, and each girder has a positive elevation. 
(3) ISDLF detailing results in the largest layovers; the layovers are large for 
bridges with 120 ft and 150 ft. 
(4) TDLF and SDLF detailing increase the maximum normal stresses in the 
outside girder; ISDLF and RDLF detailing decrease the maximum normal 
stresses in the outside girder for curved TFG1 bridges with spans less than or 
equal to 120 ft. 
(5) Different detailing methods result in similar maximum load capacities for 
bridges with a span less than or equal to 90 ft; but ISDLF and RDLF detailing 
result in a decrease in maximum load capacity for bridges with spans of 120 ft 
and 150 ft. 
(6) It is recommended to use ISDLF detailing and install the cross frames with the 
girders in the ISDL condition for curved TFG1 bridges with a short span (less 
than or equal to 90 ft), to avoid the need for temporary supports within the 
span. For bridges with a longer span (greater than 90 ft), NLF detailing is 
recommended. It may be possible to use NLF detailing and install the cross 
frames with the girders in the ISDL condition. 
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Table 6.1 Example bridge information 
Example 
bridge 
Section  
Centerline 
length 
L/R NCF 
2IG-3 IG 90 0.45 5 
2TFG1-2 TFG1 90 0.45 3 
4IG-3 IG 90 0.45 5 
4TFG1-1 TFG1 90 0.45 3 
4TFG1-6 TFG1 90 0.3 3 
4TFG1-15 TFG1 120 0.3 3 
4TFG1-20 TFG1 150 0.2 3 
 
 
 
Table 6.2 Response of individual girders under girder weight 
Response 
Section 
TFG1 IG 
Vertical displacement  
(inch) 
-2.3 -35.2 
Warping normal stress in top flange  
(ksi) 
 
 
(ksi) 
-1.3 -52.7 
Primary bending normal stress in top flange  
(ksi) 
-2.9 -2.2 
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Table 6.3 Internal forces in cross frames from 2IG-3 under TDL 
Cross frames Member 
 
Axial force 
  (kip) 
 
NLF SDLF TDLF 
CF-1 
Chord   1.5 1.4 1.2 
Diagonal  -1.9 -1.7 -1.2 
CF-2 
Chord   14.0 14.0 13.8 
Diagonal  -17.3 -11.2 3.2 
CF-3 
Chord   24.5 24.0 23.0 
Diagonal  -28.9 -18.0 8.1 
CF-4 
Chord   28.3 27.7 26.4 
Diagonal  -32.5 -20.0 10.3 
CF-5 
Chord   24.5 24.0 23.0 
Diagonal  -28.9 -18.0 8.1 
CF-6 
Chord   14.0 14.0 13.8 
Diagonal  -17.3 -11.2 3.2 
CF-7 
Chord   1.5 1.4 1.2 
Diagonal  -1.9 -1.7 -1.2 
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Table 6.4 Internal forces in diaphragms from 2TFG1-2 under TDL 
Diaphragm Internal forces NLF SDLF TDLF ISDLF RDLF 
Dia-1 
Shear   
(kip) 
-6.8 -6.1 -4.3 -5.5 -3.0 
Moment at G1 
 (kip-inch) 
186 159 92 152 52 
Moment at G2  
(kip-inch) 
-730 -661 -491 -582 -348 
Dia-2 
Shear  
 (kip) 
-19.9 -20.5 -22.0 -15.1 -16.4 
Moment at G1  
(kip-inch) 
428 409 361 433 352 
Moment at G2 
 (kip-inch) 
-2260 -2362 -2612 -1909 -2163 
Dia-3 
Shear  (kip) -26.4 -27.2 -29.5 -17.7 -19.6 
Moment at G1  
(kip-inch) 
522 494 428 549 415 
Moment at G2  
(kip-inch) 
-3033 -3180 -3555 -2577 -2962 
Dia-4 
Shear   
(kip) 
-19.9 -20.5 -22.0 -15.1 -16.4 
Moment at G1  
(kip-inch) 
428 409 361 436 315 
Moment at G2 
 (kip-inch) 
-2260 -2362 -2612 -1910 -2171 
Dia-5 
Shear  
 (kip) 
-6.8 -6.1 -4.3 -5.5 -4.2 
Moment at G1  
(kip-inch) 
186 159 92 156 56 
Moment at G2  
(kip-inch) 
-730 -661 -491 -583 -493 
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Table 6.5 Internal forces in cross frames from 4IG-3 under TDL 
Cross frame Member 
 
Axial force   
(kip) 
 
NLF SDLF TDLF 
CF1-1 
Chord 0.4 0.4 0.4 
Diagonal -0.8 -0.8 -0.5 
CF1-2 
Chord   -0.3 -0.2 0.4 
Diagonal  -5.6 -5.9 -5.9 
CF1-3 
Chord   -0.4 -0.7 -1.9 
Diagonal  -9.1 -9.4 -9.4 
CF1-4 
Chord   3.0 3.0 2.5 
Diagonal  -12.4 -12.5 -11.4 
CF1-5 
Chord   0.3 0.5 1.1 
Diagonal  -9.1 -9.4 -9.4 
CF1-6 
Chord   -0.3 -0.2 0.4 
Diagonal  -5.6 -5.9 -6.0 
CF1-7 
Chord   0.4 0.4 0.4 
Diagonal  -0.8 -0.8 -0.5 
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Table 6.3 Internal forces in cross frames from 4IG-3 under TDL (continued) 
Cross frame Member 
 
Axial force 
  (kip) 
 
NLF SDLF TDLF 
CF2-1 
Chord   0.8 0.7 0.6 
Diagonal  -1.1 -1.1 -0.8 
CF2-2 
Chord   -8.4 -9.0 -11.7 
Diagonal  -11.9 -12.0 -11.8 
CF2-3 
Chord   -14.2 -15.3 -20.0 
Diagonal  -18.6 -19.3 -21.7 
CF2-4 
Chord   -9.8 -10.5 -13.2 
Diagonal  -21.1 -20.1 21.6 
CF2-5 
Chord   -14.2 -15.3 -20.0 
Diagonal  -18.6 -19.3 -21.7 
CF2-6 
Chord   -8.4 -9.0 -11.7 
Diagonal  -11.9 -12.0 -11.8 
CF2-7 
Chord   0.8 0.7 0.6 
Diagonal  -1.1 -1.1 -0.8 
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Table 6.3 Internal forces in cross frames from 4IG-3 under TDL (continued) 
Cross frame Member 
Axial force 
  (kip) 
NLF SDLF TDLF 
CF3-1 
Chord   1.9 1.7 1.5 
Diagonal  -2.2 -1.6 -1.4 
CF3-2 
Chord   -13.2 -13.4 -13.9 
Diagonal  9.6 9.4 7.9 
CF3-3 
Chord   -21.9 -22.5 -24.6 
Diagonal  15.8 15.3 11.5 
CF3-4 
Chord   -27.1 -26.9 -22.9 
Diagonal  15.8 16.3 18.0 
CF3-5 
Chord   -21.9 -22.5 -24.6 
Diagonal  15.8 15.3 11.5 
CF3-6 
Chord   -13.2 -13.4 -13.9 
Diagonal  9.6 9.4 7.9 
CF3-7 
Chord   1.9 1.7 1.5 
Diagonal  -2.2 -1.6 -1.4 
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Table 6.6 Internal forces in diaphragms from 4TFG1-1 under TDL 
Diaphragm Internal forces NLF SDLF TDLF ISDLF RDLF 
Dia1-1 
Shear  (kip) -2.4 -2.0 -1.1 -0.3 -4.4 
Moment at G1  
(kip-inch) 
99 85 43 12 211 
Moment at G2  
(kip-inch) 
-112 -94 -54 1 -181 
Dia1-2 
Shear  
 (kip) 
-12.2 -12.2 -12.6 -7.4 -7.6 
Moment at G1  
(kip-inch) 
372 389 397 91 360 
Moment at G2  
(kip-inch) 
-703 -686 -715 -552 -553 
Dia1-3 
Shear   
(kip) 
-16.3 -16.3 -16.9 -8.2 -8.1 
Moment at G1  
(kip-inch) 
470 495 507 19 467 
Moment at G2  
(kip-inch) 
-970 -945 -981 -782 -750 
Dia1-4 
Shear  
 (kip) 
-12.2 -12.2 -12.6 -7.5 -7.5 
Moment at G1 
 (kip-inch) 
372 389 397 -42 359 
Moment at G2  
(kip-inch) 
-703 -686 -715 -571 -550 
Dia1-5 
Shear  
 (kip) 
-2.4 -2.0 -1.1 -2.6 -4.4 
Moment at G1  
(kip-inch) 
99 85 43 -19 211 
Moment at G2  
(kip-inch) 
-112 -94 -54 -161 -181 
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Table 6.6 Internal forces in diaphragms from 4TFG1-1 under TDL (continued) 
Diaphragm Internal forces NLF SDLF TDLF ISDLF RDLF 
Dia2-1 
Shear  (kip) -2.8 -2.5 -1.4 -2.6 -4.0 
Moment at G1 
 (kip-inch) 
118 98 53 119 165 
Moment at G2  
(kip-inch) 
-132 -122 -72 -109 -190 
Dia2-2 
Shear  (kip) -17.8 -16.8 -13.0 -10.5 -16.9 
Moment at G1  
(kip-inch) 
-84 -104 -122 -21 -50 
Moment at G2  
(kip-inch) 
-1654 -1831 -1985 -1318 -1550 
Dia2-3 
Shear   
(kip) 
-24.2 -20.5 -14.1 -11.1 -23.2 
Moment at G1  
(kip-inch) 
-150 -179 -198 -74 -87 
Moment at G2  
(kip-inch) 
-2284 -2534 -2756 -1827 -2150 
Dia2-4 
Shear   
(kip) 
-17.8 -16.8 -13.0 -10.2 -16.9 
Moment at G1 
 (kip-inch) 
-84 -104 -122 -38 -48 
Moment at G2  
(kip-inch) 
-1654 -1831 -1986 -1326 -1543 
Dia2-5 
Shear   
(kip) 
-2.8 -2.5 -1.4 -2.6 -4.0 
Moment at G1 
 (kip-inch) 
118 98 54 78 165 
Moment at G2  
(kip-inch) 
-132 -122 -72 -101 -190 
 
 
 
 371 
 
Table 6.6 Internal forces in diaphragms from 4TFG1-1 under TDL (continued) 
Diaphragm Internal forces NLF SDLF TDLF ISDLF RDLF 
Dia3-1 
Shear  (kip) -6.0 -4.9 -3.5 -4.6 -7.1 
Moment at G1 
 (kip-inch) 
183 167 112 143 247 
Moment at G2  
(kip-inch) 
-345 -263 -198 -265 -376 
Dia3-2 
Shear  
 (kip) 
-14.1 -13.9 -11.6 -7.5 -12.0 
Moment at G1 
 (kip-inch) 
-527 -575 -618 -397 -463 
Moment at G2  
(kip-inch) 
-1768 -1842 -2012 -1400 -1572 
Dia3-3 
Shear  
 (kip) 
-18.8 -18.2 -13.4 -7.4 -15.4 
Moment at G1 
(kip-inch) 
-755 -823 -888 -572 -663 
Moment at G2  
(kip-inch) 
-2416 -2520 -2756 -1928 -2177 
Dia3-4 
Shear  
 (kip) 
-14.1 -13.9 -11.6 -7.4 -12.0 
Moment at G1  
(kip-inch) 
-527 -575 -618 -405 -458 
Moment at G2  
(kip-inch) 
-1768 -1842 -2012 -1399 -1577 
Dia3-5 
Shear  
 (kip) 
-6.0 -4.9 -3.5 -4.4 -7.1 
Moment at G1 
 (kip-inch) 
183 167 112 128 247 
Moment at G2 
 (kip-inch) 
-345 -263 -198 -259 -376 
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Table 6.7 Internal forces in diaphragms from 4TFG1-6 under TDL 
Diaphragm Internal forces NLF SDLF TDLF ISDLF RDLF 
Dia1-1 
Shear   
(kip) 
-1.4 -1.2 -0.7 -1.6 -2.9 
Moment at G1 
 (kip-inch) 
67 50 27 61 140 
Moment at G2  
(kip-inch) 
-58 -52 -33 -75 -119 
Dia1-2 
Shear   
(kip) 
-8.9 -8.8 -8.9 -6.1 -6.0 
Moment at G1  
(kip-inch) 
371 384 399 295 344 
Moment at G2  
(kip-inch) 
-411 -392 -388 -334 -312 
Dia1-3 
Shear  
 (kip) 
-11.9 -11.8 -12.0 -7.0 -6.7 
Moment at G1 
 (kip-inch) 
485 503 525 376 457 
Moment at G2  
(kip-inch) 
-568 -543 -534 -461 -424 
Dia1-4 
Shear   
(kip) 
-8.9 -8.8 -8.9 -5.9 -5.9 
Moment at G1  
(kip-inch) 
371 384 399 288 343 
Moment at G2 
 (kip-inch) 
-411 -392 -387 -328 -313 
Dia1-5 
Shear  
 (kip) 
-1.4 -1.2 -0.7 -0.7 -2.9 
Moment at G1  
(kip-inch) 
67 50 27 38 140 
Moment at G2 
 (kip-inch) 
-58 -52 -33 -20 -119 
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Table 6.6 Internal forces in diaphragms from 4TFG1-6 under TDL (continued) 
Diaphragm Internal forces NLF SDLF TDLF ISDLF RDLF 
Dia2-1 
Shear  
 (kip) 
-1.1 -1.1 -0.7 -0.6 -2.4 
Moment at G1  
(kip-inch) 
49 47 27 25 104 
Moment at G2  
(kip-inch) 
-51 -54 -32 -26 -109 
Dia2-2 
Shear   
(kip) 
-13.0 -13.3 -12.2 -7.9 -11.4 
Moment at G1 
 (kip-inch) 
107 112 117 104 112 
Moment at G2  
(kip-inch) 
-1041 -1112 -1186 -851 -956 
Dia2-3 
Shear  
 (kip) 
-17.6 -17.3 -14.5 -8.7 -14.8 
Moment at G1  
(kip-inch) 
124 129 138 127 143 
Moment at G2 
 (kip-inch) 
-1433 -1529 -1635 -1183 -1330 
Dia2-4 
Shear  
 (kip) 
-13.0 -13.3 -12.2 -7.9 -11.3 
Moment at G1 
 (kip-inch) 
107 113 118 108 112 
Moment at G2  
(kip-inch) 
-1041 -1112 -1186 -859 -956 
Dia2-5 
Shear  
 (kip) 
-1.1 -1.1 -0.7 -0.6 -2.4 
Moment at G1 
 (kip-inch) 
49 47 27 57 104 
Moment at G2  
(kip-inch) 
-51 -54 -32 -60 -109 
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Table 6.6 Internal forces in diaphragms from 4TFG1-6 under TDL (continued) 
Diaphragm Internal forces NLF DDLF TDLF ISDLF RDLF 
Dia3-1 
Shear 
(kip) 
-2.6 -2.2 -1.6 -2.6 -3.8 
Moment at G1 
(kip-inch) 
72 69 47 87 131 
Moment at G2 
(kip-inch) 
-160 -120 -92 -134 -203 
Dia3-2 
Shear 
(kip) 
-9.4 -9.3 -8.6 -5.4 -7.3 
Moment at G1 
(kip-inch) 
-236 -258 -273 -187 -216 
Moment at G2 
(kip-inch) 
-1063 -1085 -1141 -831 -919 
Dia3-3 
Shear 
(kip) 
-12.7 -12.4 -10.5 -5.4 -9.2 
Moment at G1 
(kip-inch) 
-334 -366 -394 -265 -311 
Moment at G2 
(kip-inch) 
-1453 -1481 -1556 -1156 -1274 
Dia3-4 
Shear 
(kip) 
-9.4 -9.3 -8.6 -5.3 -7.3 
Moment at G1 
(kip-inch) 
-236 -258 -273 -194 -215 
Moment at G2 
(kip-inch) 
-1063 -1085 -1141 -830 -921 
Dia3-5 
Shear 
(kip) 
-2.6 -2.1 -1.6 -2.6 -3.8 
Moment at G1 
(kip-inch) 
72 69 47 87 132 
Moment at G2 
(kip-inch) 
-160 -120 -92 -134 -203 
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Table 6.8 Internal forces in cross frames from 4TFG1-15 under TDL 
Cross frame 
Axial force 
  (kip) 
NLF SDLF TDLF ISDLF RDLF 
CF1-1 
Chord   0.8 0.9 0.6 1.8 2.7 
Diagonal  4.2 3.9 2.9 13.4 12.4 
CF1-2 
Chord   1.8 2.6 3.8 0.3 1.8 
Diagonal  15.7 15.9 16.0 9.6 13.0 
CF1-3 
Chord   3.1 5.2 8.4 0.3 5.9 
Diagonal  21.1 21.5 21.6 12.7 18.4 
CF1-4 
Chord   1.8 2.6 3.8 0.3 1.8 
Diagonal  15.7 15.9 16.0 9.6 13.0 
CF1-5 
Chord   0.8 0.9 0.6 1.8 2.7 
Diagonal  4.2 3.9 2.9 13.4 12.4 
 
 
 
Table 6.8 Internal forces in cross frames from 4TFG1-15 under TDL (continued) 
Cross frame 
Axial force 
  (kip) 
NLF SDLF TDLF ISDLF RDLF 
CF2-1 
Chord   1.5 2.1 1.3 3.7 2.0 
Diagonal  5.4 4.7 3.3 14.4 10.8 
CF2-2 
Chord   20.1 22.2 24.8 0.9 18.2 
Diagonal  24.8 24.8 24.3 14.3 19.8 
CF2-3 
Chord   27.9 30.8 34.6 3.8 24.5 
Diagonal  31.1 28.3 24.9 19.0 21.3 
CF2-4 
Chord   20.1 22.2 24.8 0.9 18.2 
Diagonal  24.8 24.8 24.3 14.3 19.8 
CF2-5 
Chord   1.5 2.1 1.3 3.7 2.1 
Diagonal  5.4 4.7 3.3 14.4 11.1 
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Table 6.8 Internal forces in cross frames from 4TFG1-15 under TDL (continued) 
Cross frame 
Axial force 
  (kip) 
NLF DDLF TDLF ISDLF RDLF 
CF3-1 
Chord   5.3 4.6 2.8 9.7 5.7 
Diagonal  10.0 6.2 4.4 16.7 15.0 
CF3-2 
Chord   26.2 28.0 30.6 10.9 25.4 
Diagonal  18.7 17.9 17.1 9.8 14.2 
CF3-3 
Chord   36.0 38.4 42.3 12.6 32.5 
Diagonal  25.6 24.6 23.3 12.4 19.8 
CF3-4 
Chord   26.2 28.0 30.6 10.9 25.4 
Diagonal  18.7 17.9 17.1 9.8 14.2 
CF3-5 
Chord   5.3 4.6 2.8 9.7 5.7 
Diagonal  10.0 6.2 3.3 16.7 15.0 
 
 
 
 
Table 6.9 Internal forces in cross frames from 4TFG1-20 under TDL 
Cross frame 
Axial force 
  (kip) 
NLF SDLF TDLF ISDLF RDLF 
CF1-1 
Chord   0.4 0.7 0.8 2.9 2.6 
Diagonal  6.1 5.3 3.6 20.5 18.7 
CF1-2 
Chord   0.1 0.3 0.6 0.4 0.8 
Diagonal  15.2 14.0 11.6 11.8 10.2 
CF1-3 
Chord   1.0 1.5 1.7 0.1 2.3 
Diagonal  20.8 19.1 15.7 17.2 15.1 
CF1-4 
Chord   0.1 0.3 0.6 0.5 0.8 
Diagonal  15.2 14.0 11.6 12.2 10.3 
CF1-5 
Chord   0.4 0.7 0.8 2.9 2.6 
Diagonal  6.1 5.3 3.6 20.5 18.7 
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Table 6.9 Internal forces in cross frames from 4TFG1-20 under TDL (continued) 
Cross frame 
Internal forces  
(kip) 
NLF SDLF TDLF ISDLF RDLF 
CF2-1 
Chord   2.4 2.4 1.6 4.9 3.5 
Diagonal  6.6 5.3 3.6 17.9 15.5 
CF2-2 
Chord   15.5 15.2 14.7 4.4 12.8 
Diagonal  22.9 16.6 10.0 16.3 11.0 
CF2-3 
Chord   22.4 21.9 21.0 8.3 19.5 
Diagonal  30.9 21.9 12.7 24.8 16.1 
CF2-4 
Chord   15.5 15.2 14.7 4.2 12.7 
Diagonal  22.9 16.6 10.0 16.8 11.0 
CF2-5 
Chord   2.4 2.4 1.6 4.9 3.5 
Diagonal  6.6 5.3 3.6 17.9 15.5 
 
 
 
Table 6.9 Internal forces in cross frames from 4TFG1-20 under TDL (continued) 
Cross frame 
Axial force 
  (kip) 
NLF DDLF TDLF ISDLF RDLF 
CF3-1 
Chord   6.4 5.3 3.9 11.8 9.7 
Diagonal  11.1 7.7 5.7 20.4 18.7 
CF3-2 
Chord   22.9 23.4 23.7 5.5 19.1 
Diagonal  16.7 13.7 9.4 11.3 8.4 
CF3-3 
Chord   32.2 32.6 32.5 11.0 28.5 
Diagonal  23.1 18.6 12.1 18.1 13.0 
CF3-4 
Chord   22.9 23.4 23.7 5.3 19.1 
Diagonal  16.7 13.7 9.4 11.8 8.4 
CF3-5 
Chord   6.4 5.3 3.9 11.8 9.7 
Diagonal  11.1 7.7 3.6 20.4 18.7 
 378 
 
Table 6.10 Maximum normal stress in top flange of each girder from 2IG-3 under TDL 
Method 
Maximum normal stress in top flange 
 (ksi) 
G1 G2 
NLF 9.92 29.04 
SDLF 9.37 28.65 
TDLF 8.91 31.60 
 
 
 
Table 6.11 Maximum normal stress in top flange of each girder from 2TFG1-2 under 
TDL  
Method 
Maximum normal stress in top flange 
 (ksi) 
G1 G2 
NLF 13.96 29.10 
SDLF 13.07 29.96 
TDLF 11.20 32.10 
ISDLF 18.19 26.89 
RDLF 15.68 28.27 
 
 
 
Table 6.12 Maximum normal stress in top flange of each girder from 4IG-3 under TDL 
Method 
Maximum normal stress in top flange 
 (ksi) 
G1 G2 G3 G4 
NLF 10.18 16.91 24.24 24.23 
SDLF 10.39 17.15 25.14 24.66 
TDLF 10.89 17.65 28.31 25.33 
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Table 6.13 Maximum normal stress in top flange of each girder from 4TFG1-1 under 
TDL 
Method 
Maximum normal stress in top flange (ksi) 
G1 G2 G3 G4 
NLF 11.61 15.92 23.13 33.69 
SDLF 12.11 14.58 25.19 34.63 
TDLF 12.26 14.05 26.64 37.08 
ISDLF 15.03 16.97 21.20 28.63 
RDLF 14.13 14.60 23.03 31.04 
 
 
 
Table 6.14 Maximum normal stress in top flange of each girder from 4TFG1-6 under 
TDL 
Method 
Maximum normal stress in top flange (ksi) 
G1 G2 G3 G4 
NLF 14.79 18.38 22.30 27.92 
SDLF 15.18 17.81 23.47 28.31 
TDLF 15.60 17.64 24.79 29.48 
ISDLF 14.50 18.36 20.90 24.46 
RDLF 15.69 17.19 21.19 24.74 
 
 
 
Table 6.15 Maximum normal stress in top flange of each girder from 4TFG1-15 under 
TDL 
Method 
Maximum normal stress in top flange 
(ksi) 
G1 G2 G3 G4 
NLF 16.49 19.02 28.31 33.31 
SDLF 15.87 19.12 30.07 34.01 
TDLF 14.96 19.58 32.18 35.48 
ISDLF 18.53 19.90 27.09 27.81 
RDLF 22.03 21.02 26.68 28.08 
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Table 6.16 Maximum normal stress in top flange of each girder from 4TFG1-20 under 
TDL 
Method 
Maximum normal stress in top flange 
(ksi) 
G1 G2 G3 G4 
NLF 15.47 20.50 25.90 32.74 
SDLF 14.40 20.78 28.12 33.45 
TDLF 14.10 21.92 30.36 34.80 
ISDLF 22.22 23.54 29.59 33.57 
RDLF 21.81 26.12 29.35 32.53 
 
 
 
Table 6.17 Maximum normal stress in top flange of each girder from 2IG-3 under 
factored Constructiblity limit state load  
Method 
Maximum normal stress in top flange 
(ksi) 
G1 G2 Fyc 
Model-S 7.76 47.73 50.0 
NLF 10.11 48.65 50.0 
SDLF 9.52 47.07 50.0 
TDLF 8.26 46.39 50.0 
 
 
 
Table 6.18 Maximum normal stress in top flange of each girder from 2TFG1-2 under 
factored Constructiblity limit state load  
Method 
Maximum normal stress in top flange 
(ksi) 
G1 G2 Fyc 
Model-S 18.65 42.38 50.0 
NLF 21.17 41.78 50.0 
SDLF 20.22 42.72 50.0 
TDLF 17.84 45.15 50.0 
ISDLF 25.63 40.54 50.0 
RDLF 23.04 40.85 50.0 
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Table 6.19 Maximum normal stress in top flange of each girder from 4IG-3 under 
factored Constructiblity limit state load  
Method 
Maximum normal stress at top flange 
(ksi) 
G1 G2 G3 G4 Fyc 
Model-S 17.17 25.77 42.09 42.24 50.0 
NLF 14.37 25.11 37.42 37.68 50.0 
SDLF 14.72 25.27 38.07 37.84 50.0 
TDLF 15.44 26.24 41.65 38.79 50.0 
 
 
 
Table 6.20 Maximum normal stress in top flange of each girder from 4TFG1-1 under 
factored Constructiblity limit state load  
Method 
Maximum normal stress at top flange 
(ksi) 
G1 G2 G3 G4 Fyc 
Model-S 19.6 24.43 31.06 48.22 50.0 
NLF 17.64 23.28 33.84 49.91 50.0 
SDLF 17.57 21.95 36.00 50.64 50.0 
TDLF 17.91 21.60 37.61 53.19 50.0 
ISDLF 21.52 25.08 32.24 44.31 50.0 
RDLF 20.43 22.61 33.55 46.96 50.0 
 
 
 
Table 6.21 Maximum normal stress in top flange of each girder from 4TFG1-6 under 
factored Constructiblity limit state load   
Method 
Maximum normal stress at top flange 
(ksi) 
G1 G2 G3 G4 Fyc 
Model-S 19.60 24.43 31.06 41.07 50.0 
NLF 21.78 26.83 32.60 40.97 50.0 
SDLF 22.26 26.34 33.84 41.39 50.0 
TDLF 22.82 26.33 35.28 42.63 50.0 
ISDLF 20.79 26.96 31.17 36.99 50.0 
RDLF 22.83 25.94 31.21 37.64 50.0 
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Table 6.22 Maximum normal stress in top flange of each girder from 4TFG1-15 under 
factored Constructiblity limit state load   
Method 
Maximum normal stress at top flange 
 (ksi) 
G1 G2 G3 G4 Fyc 
Model-S 21.41 26.97 39.49 45.16 50.0 
NLF 24.04 27.46 41.31 48.62 50.0 
SDLF 23.60 27.71 43.23 49.46 50.0 
TDLF 22.97 28.43 45.67 51.15 50.0 
ISDLF 24.59 28.72 41.23 43.21 50.0 
RDLF 30.23 30.83 40.35 42.99 50.0 
 
 
 
Table 6.23 Maximum normal stress in top flange of each girder from 4TFG1-20 under 
factored Constructiblity limit state load   
Method 
Maximum normal stress at top flange 
 (ksi) 
G1 G2 G3 G4 Fyc 
Model-S 21.84 28.57 36.00 48.30 50.0 
NLF 23.21 30.94 37.50 48.22 50.0 
SDLF 21.95 29.74 39.60 48.86 50.0 
TDLF 20.34 30.84 42.10 50.09 50.0 
ISDLF 30.28 34.02 45.89 53.43 50.0 
RDLF 30.69 38.40 44.80 51.55 50.0 
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Table 6.24 Internal forces in cross frames from 4TFG1-15 under SDL 
Cross frame 
Axial forces in chord  
 (kip) 
Axial forces in diagonal 
 (kip) 
CF1-1 0.2 1.1 
CF1-2 1.3 4.0 
CF1-3 1.9 5.3 
CF1-4 1.3 4.0 
CF1-5 0.2 1.1 
CF2-1 0.4 1.5 
CF2-2 6.2 6.0 
CF2-3 8.5 7.4 
CF2-4 6.2 6.0 
CF2-5 0.4 1.6 
CF3-1 1.6 3.0 
CF3-2 7.4 4.8 
CF3-3 10.2 6.5 
CF3-4 7.4 4.8 
CF3-5 1.6 3.0 
 
 
Table 6.25 Internal forces in cross frames from 4TFG1-20 under SDL 
Cross frame 
Axial forces in chord   
(kip) 
Axial forces in diagonal  
 (kip) 
CF1-1 0.1 2.0 
CF1-2 0.6 4.9 
CF1-3 1.1 6.6 
CF1-4 0.6 4.9 
CF1-5 0.1 2.0 
CF2-1 0.8 2.2 
CF2-2 5.8 7.0 
CF2-3 8.1 9.3 
CF2-4 5.8 7.0 
CF2-5 0.8 2.2 
CF3-1 2.2 3.8 
CF3-2 7.8 5.1 
CF3-3 10.7 7.0 
CF3-4 7.8 5.1 
CF3-5 2.2 3.8 
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Table 6.26 Comparison of detailing methods 
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Figure 6.1 Procedure to determine girder displacements and corresponding camber 
(camber1) for NLF, SDLF, and TDLF 
 
 
 
0
   1s +      1c 2s +       2c
s
1s 2s
(a) NL condition with CF installed
(b) SDL condition
(c) Add RDL to 
reach TDL condition
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1is 2is+ 1c + 2c
(a) NL condition
(b) ISDL condition
(d) Add RDL to reach TDL 
condition
(c) CF installed in 
ISDL condition
 
Figure 6.2 Procedure to determine girder displacements and corresponding camber 
(camber2) for ISDLF and RDLF 
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Figure 6.3 Procedure to install cross frames using NLF  
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Intended final elevation
 
Figure 6.4 Procedure to install cross frame using TDLF  
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condition (note lack-of-fit)
(c) CF installed attached to 
both girders
(e) Add RDL to reach 
TDL condition
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Figure 6.5 Procedure to install cross frames using SDLF  
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Figure 6.6 Procedure to install cross frames using ISDLF  
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Figure 6.7 Procedure to install cross frames using RDLF 
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Figure 6.8 Initial cambered position and vertical displacement direction 
 
 
 
 
 
Figure 6.9 Final elevation along span of G1 from 2IG-3 with different detailing methods  
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Figure 6.10 Final elevation along span of G2 from 2IG-3 with different detailing methods  
 
 
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.11 Final elevation along span of G1 from 2TFG1-2 with different detailing 
methods  
 
 
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.12 Final elevation along span of G2 from 2TFG1-2 with different detailing 
methods  
 
 
 
  
Figure 6.13 Final elevation along span of G1 from 4IG-3 with different detailing methods  
 
 
-1.0
0.0
1.0
2.0
3.0
4.0
5.0
0 0.25 0.5 0.75 1
E
le
v
a
ti
o
n
 (
in
ch
) 
Normalized length 
ISDLF
RDLF
Camber2
-0.1
0.1
0.3
0.5
0.7
0.9
1.1
1.3
1.5
1.7
0 0.25 0.5 0.75 1
E
le
v
a
ti
o
n
 (
in
ch
) 
Normalized length 
NLF
SDLF
TDLF
Camber1
 396 
 
 
Figure 6.14 Final elevation along span of G2 from 4IG-3 with different detailing methods  
 
 
Figure 6.15 Final elevation along span of G3 from 4IG-3 with different detailing methods  
 
 
-0.1
0.4
0.9
1.4
1.9
2.4
0 0.25 0.5 0.75 1
E
le
v
a
ti
o
n
 (
in
ch
) 
Normalized length 
NLF
SDLF
TDLF
Camber1
-0.1
0.4
0.9
1.4
1.9
2.4
2.9
0 0.25 0.5 0.75 1
E
le
v
a
ti
o
n
 (
in
ch
) 
Normalized length 
NLF
SDLF
TDLF
Camber1
 397 
 
 
Figure 6.16 Final elevation along span of G4 from 4IG-3 with different detailing methods  
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(b) ISDLF and RDLF 
Figure 6.17 Final elevation along span of G1 from 4TFG1-1 with different detailing 
methods  
 
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.18 Final elevation along span of G2 from 4TFG1-1 with different detailing 
methods  
 
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.19 Final elevation along span of G3 from 4TFG1-1 with different detailing 
methods  
 
 
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.20 Final elevation along span of G4 from 4TFG1-1 with different detailing 
methods  
 
 
 
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.21 Final elevation along span of G1 from 4TFG1-6 with different detailing 
methods  
 
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.22 Final elevation along span of G2 from 4TFG1-6 with different detailing 
methods  
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.23 Final elevation along span of G3 from 4TFG1-6 with different detailing 
methods  
 
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.24 Final elevation along span of G4 from 4TFG1-6 with different detailing 
methods  
 
 
 
 
(a) NLF, SDLF, and TDLF 
 
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
0 0.25 0.5 0.75 1
E
le
v
a
ti
o
n
 (
in
ch
) 
Normalized length 
ISDLF
RDLF
Camber2
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 0.25 0.5 0.75 1
E
le
v
a
ti
o
n
 (
in
ch
) 
Normalized length 
NLF
SDLF
TDLF
Camber1
 406 
 
 
(b) ISDLF and RDLF 
Figure 6.25 Final elevation along span of G1 from 4TFG1-15 with different detailing 
methods  
 
 
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.26 Final elevation along span of G2 from 4TFG1-15 with different detailing 
methods  
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.27 Final elevation along span of G3 from 4TFG1-15 with different detailing 
methods  
 
 
 
(a) NLF, SDLF, and TDLF 
 
-0.5
0.5
1.5
2.5
3.5
4.5
5.5
6.5
0 0.25 0.5 0.75 1
E
le
v
a
ti
o
n
 (
in
ch
) 
Normalized length 
ISDLF
RDLF
Camber2
-0.5
0.5
1.5
2.5
3.5
4.5
5.5
6.5
0 0.25 0.5 0.75 1
E
le
v
a
ti
o
n
 (
in
ch
) 
Normalized length 
NLF
SDLF
TDLF
Camber1
 409 
 
 
(b) ISDLF and RDLF 
Figure 6.28 Final elevation along span of G4 from 4TFG1-15 with different detailing 
methods  
 
 
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.29 Final elevation along span of G1 from 4TFG1-20 with different detailing 
methods  
 
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.30 Final elevation along span of G2 from 4TFG1-20 with different detailing 
methods  
 
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.31 Final elevation along span of G3 from 4TFG1-20 with different detailing 
methods  
 
 
 
(a) NLF, SDLF, and TDLF 
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(b) ISDLF and RDLF 
Figure 6.32 Final elevation along span of G4 from 4TFG1-20 with different detailing 
methods  
 
  
Figure 6.33 Final cross section rotation along span of G1 from 2IG-3 with different 
detailing methods  
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Figure 6.34 Final cross section rotation along span of G2 from 2IG-3 with different 
detailing methods  
 
 
  
Figure 6.35 Final cross section rotation along span of G1 from 2TFG1-2 with different 
detailing methods  
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Figure 6.36 Final cross section rotation along span of G2 from 2TFG1-2 with different 
detailing methods  
 
 
 
 
 
Figure 6.37 Final cross section rotation along span of G1 from 4IG-3 with different 
detailing methods  
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Figure 6.38 Final cross section rotation along span of G2 from 4IG-3 with different 
detailing methods  
 
 
Figure 6.39 Final cross section rotation along span of G3 from 4IG-3 with different 
detailing methods  
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Figure 6.40 Final cross section rotation along span of G4 from 4IG-3 with different 
detailing methods  
 
 
 
Figure 6.41 Final cross section rotation along span of G1 from 4TFG1-1 with different 
detailing methods  
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Figure 6.42 Final cross section rotation along span of G2 from 4TFG1-1 with different  
detailing methods  
 
 
 
Figure 6.43 Final cross section rotation along span of G3 from 4TFG1-1 with different 
detailing methods  
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Figure 6.44 Final cross section rotation along span of G4 from 4TFG1-1 with different 
detailing methods  
 
 
 
Figure 6.45 Final cross section rotation along span of G1 from 4TFG1-6 with different 
detailing methods  
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Figure 6.46 Final cross section rotation along span of G2 from 4TFG1-6 with different 
detailing methods  
 
 
 
Figure 6.47 Final cross section rotation along span of G3 from 4TFG1-6 with different 
detailing methods  
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Figure 6.48 Final cross section rotation along span of G4 from 4TFG1-6 with different 
detailing methods  
 
 
Figure 6.49 Final cross section rotation along span of G1 from 4TFG1-15 with different 
detailing methods  
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Figure 6.50 Final cross section rotation along span of G2 from 4TFG1-15 with different 
detailing methods  
 
 
 
Figure 6.51 Final cross section rotation along span of G3 from 4TFG1-15 with different 
detailing methods  
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Figure 6.52 Final cross section rotation along span of G4 from 4TFG1-15 with different 
detailing methods  
 
 
 
 
Figure 6.53 Final cross section rotation along span of G1 from 4TFG1-20 with different 
detailing methods  
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Figure 6.54 Final cross section rotation along span of G2 from 4TFG1-20 with different 
detailing methods  
 
 
 
Figure 6.55 Final cross section rotation along span of G3 from 4TFG1-20 with different 
detailing methods  
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Figure 6.56 Final cross section rotation along span of G4 from 4TFG1-20 with different 
detailing methods  
 
 
 
 
 
Figure 6.57 Layover along span of G1 from 2IG-3 with different detailing methods  
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Figure 6.58 Layover along span of G2 from 2IG-3 with different detailing methods  
 
 
 
 
Figure 6.59 Layover along span of G1 from 2TFG1-2 with different detailing methods  
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Figure 6.60 Layover along span of G2 from 2TFG1-2 with different detailing methods  
 
 
 
Figure 6.61 Layover along span of G1 from 4IG-3 with different detailing methods  
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Figure 6.62 Layover along span of G2 from 4IG-3 with different detailing methods  
 
 
Figure 6.63 Layover along span of G3 from 4IG-3 with different detailing methods  
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Figure 6.64 Layover along span of G4 from 4IG-3 with different detailing methods  
 
 
Figure 6.65 Layover along span of G1 from 4TFG1-1 with different detailing methods  
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Figure 6.66 Layover along span of G2 from 4TFG1-1 with different detailing methods  
 
 
 
Figure 6.67 Layover along span of G3 from 4TFG1-1 with different detailing methods  
 
 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0 0.25 0.5 0.75 1
L
a
y
o
v
er
 (
in
ch
) 
Normalized length 
NLF
SDLF
TDLF
ISDLF
RDLF
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
0 0.25 0.5 0.75 1
L
a
y
o
v
er
 (
in
ch
) 
Normalized length 
NLF
SDLF
TDLF
ISDLF
RDLF
 431 
 
 
Figure 6.68 Layover along span of G4 from 4TFG1-1 with different detailing methods  
 
 
 
Figure 6.69 Layover along span of G1 from 4TFG1-6 with different detailing methods  
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Figure 6.70 Layover along span of G2 from 4TFG1-6 with different detailing methods  
 
 
Figure 6.71 Layover along span of G3 from 4TFG1-6 with different detailing methods  
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Figure 6.72 Layover along span of G4 from 4TFG1-6 with different detailing methods  
 
 
 
 
Figure 6.73 Layover along span of G1 from 4TFG1-15 with different detailing methods  
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Figure 6.74 Layover along span of G2 from 4TFG1-15 with different detailing methods  
 
 
Figure 6.75 Layover along span of G3 from 4TFG1-15 with different detailing methods  
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Figure 6.76 Layover along span of G4 from 4TFG1-15 with different detailing methods   
 
 
Figure 6.77 Layover along span of G1 from 4TFG1-20 with different detailing methods   
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Figure 6.78 Layover along span of G2 from 4TFG1-20 with different detailing methods   
 
 
Figure 6.79 Layover along span of G3 from 4TFG1-20 with different detailing methods    
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Figure 6.80 Layover along span of G4 from 4TFG1-20 with different detailing methods   
 
  
Figure 6.81 Flange lateral bending moment (ML) span of G1 from 2IG-3 with different 
detailing methods  
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Figure 6.82 Flange lateral bending moment (ML) span of G2 from 2IG-3 with different 
detailing methods  
 
 
Figure 6.83 Flange lateral bending moment (ML) span of G1 from 2TFG1-2 with different 
detailing methods   
 
 
-1000
-800
-600
-400
-200
0
200
400
600
800
1000
0 0.25 0.5 0.75 1
M
L
 (
k
ip
-i
n
ch
) 
Normalized length 
NLF
SDLF
TDLF
-300
-200
-100
0
100
200
300
400
0 0.25 0.5 0.75 1
M
L
 (
k
ip
-i
n
ch
) 
Normalized length 
NLF
SDLF
TDLF
ISDLF
RDLF
 439 
 
 
Figure 6.84 Flange lateral bending moment (ML) span of G2 from 2TFG1-2 with different 
detailing methods  
 
 
 
Figure 6.85 Flange lateral bending moment (ML) span of G1 from 4IG-3 with different 
detailing methods  
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Figure 6.86 Flange lateral bending moment (ML) span of G2 from 4IG-3 with different 
detailing methods  
 
 
Figure 6.87 Flange lateral bending moment (ML) span of G3 from 4IG-3 with different 
detailing methods  
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Figure 6.88 Flange lateral bending moment (ML) span of G4 from 4IG-3 with different 
detailing methods  
 
 
Figure 6.89 Flange lateral bending moment (ML) span of G1 from 4TFG1-1 with different 
detailing methods  
 
 
-800
-600
-400
-200
0
200
400
600
0 0.25 0.5 0.75 1
M
L
 (
k
ip
-i
n
ch
) 
Normalized length 
NLF
SDLF
TDLF
-250
-200
-150
-100
-50
0
50
100
150
200
250
0 0.25 0.5 0.75 1
M
L
 (
k
ip
-i
n
ch
) 
Normalized length 
NLF
SDLF
TDLF
ISDLF
RDLF
 442 
 
 
Figure 6.90 Flange lateral bending moment (ML) span of G2 from 4TFG1-1 with different 
detailing methods  
 
 
 
 
 
Figure 6.91 Flange lateral bending moment (ML) span of G3 from 4TFG1-1 with different 
detailing methods  
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Figure 6.92 Flange lateral bending moment (ML) span of G4 from 4TFG1-1 with different 
detailing methods  
 
 
Figure 6.93 Flange lateral bending moment (ML) span of G1 from 4TFG1-6 with different 
detailing methods  
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Figure 6.94 Flange lateral bending moment (ML) span of G2 from 4TFG1-6with different 
detailing methods  
 
 
Figure 6.95 Flange lateral bending moment (ML) span of G3 from 4TFG1-6 with different 
detailing methods  
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Figure 6.96 Flange lateral bending moment (ML) span of G4 from 4TFG1-6 with different 
detailing methods  
 
 
Figure 6.97 Flange lateral bending moment (ML) span of G1 from 4TFG1-15 with 
different detailing methods  
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Figure 6.98 Flange lateral bending moment (ML) span of G2 from 4TFG1-15 with 
different detailing methods  
 
 
 
Figure 6.99 Flange lateral bending moment (ML) span of G3 from 4TFG1-15 with 
different detailing methods  
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Figure 6.100 Flange lateral bending moment (ML) span of G4 from 4TFG1-15 with 
different detailing methods  
 
 
Figure 6.101 Flange lateral bending moment (ML) span of G1 from 4TFG1-20 with 
different detailing methods  
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Figure 6.102 Flange lateral bending moment (ML) span of G2 from 4TFG1-20 with 
different detailing methods  
 
 
 
Figure 6.103 Flange lateral bending moment (ML) span of G3 from 4TFG1-20 with 
different detailing methods  
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Figure 6.104 Flange lateral bending moment (ML) span of G4 from 4TFG1-20 with 
different detailing methods  
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Figure 6.105 Load versus vertical displacement at mid span of G2 from 2IG-3 with 
different detailing methods  
 
 
Figure 6.106 Load versus vertical displacement at mid span of G2 from 2IG-3 with 
different detailing methods (detail view) 
 
 
Figure 6.107 Load versus vertical displacement at mid span of G2 from 2TFG1-2 with 
different detailing methods  
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Figure 6.108 Load versus vertical displacement at mid span of G2 from 2TFG1-2 with 
different detailing methods (detail review) 
 
 
 
 
Figure 6.109 Load versus vertical displacement at mid span of G4 from 4IG-3 with 
different detailing methods  
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Figure 6.110 Load versus vertical displacement at mid span of G4 from 4IG-3 with 
different detailing methods (detail review) 
 
 
 
 
Figure 6.111 Load versus vertical displacement at mid span of G4 from 4TFG1-1 with 
different detailing methods  
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Figure 6.112 Load versus vertical displacement at mid span of G4 from 4TFG1-1 with 
different detailing methods (detail review) 
 
 
 
Figure 6.113 Load versus vertical displacement at mid span of G4 from 4TFG1-6 with 
different detailing methods  
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Figure 6.114 Load versus vertical displacement at mid span of G4 from 4TFG1-6 with 
different detailing methods (detail review) 
 
 
 
Figure 6.115 Load versus vertical displacement at mid span of G4 from 4TFG1-15 with 
different detailing methods  
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Figure 6.116 Load versus vertical displacement at mid span of G4 from 4TFG1-15 with 
different detailing methods (detail review) 
 
 
 
Figure 6.117 Load versus vertical displacement at mid span of G4 from 4TFG1-20 with 
different detailing methods  
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Figure 6.118 Load versus vertical displacement at mid span of G4 from 4TFG1-20 with 
different detailing methods (detail review) 
 
 
 
Figure 6.119 Load versus vertical displacement at mid span of G4 from 4TFG1-20 with 
different detailing methods to install cross frames in ISDL condition 
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Chapter 7:   Design of Test Specimen 
7.1  Introduction 
In this chapter, the design of a curved two-girder bridge system made with TFG1s 
and a corresponding two-thirds scale test specimen are discussed. A corresponding curved 
conventional two-girder bridge system made with IGs is also designed to have cross 
section areas similar to those of the curved TFG1 bridge system. The behavior of the IG 
bridge system is compared with the behavior of the TFG1 bridge system. The behavior of 
individual girders (during girder erection) and the behavior of the assembled girder 
system are discussed. 
7.2  Design of Curved Two-girder Bridge with TFG1s (FTFG1) 
The design of the full size curved two-girder bridge with TFG1s (FTFG1) is based 
on a scaled up version of a two-thirds scale test specimen, for which, the dimensions of 
the tubular top flanges, webs and bottom flanges, were chosen from available dimensions 
in the American Institute of Steel Construction (AISC) Steel Construction Manual (2005). 
Figure 7.1 shows the process used to design the curved FTFG1 and the curved two-thirds 
scale test specimen (STFG1). As shown in the figure, the cross section dimensions of 
STFG1 were determined first, and then the cross section dimensions of STFG1 were 
scaled by three-halves to obtain the cross section dimensions of FTFG1. 
7.2.1  Bridge geometry 
The centerline arc length span of FTFG1 is 90 ft with a deck width of 19.5 ft. The 
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horizontal curvature ratio, which is the arc length over the curvature radius (L/R), is 0.45. 
The girders are spaced at 12 ft. The cross section dimensions of STFG1 are shown in 
Table 7.1, and the dimensions of FTFG1 are shown in Table 7.2. The cross section of 
FTFG1 is shown in Figure 7.2.  
To make the inside girder of the two-girder system more economical, the inside 
girder (G1) has a thinner bottom flange plate than that of the outside girder (G2), because 
G1 has a much smaller primary bending moment demand. Both girders have the same 
tube size (see Table 7.1 and Table 7.2). The steel plates of the plate flanges, webs, and 
stiffeners of the FTFG1 are made of ASTM A709 grade 50 steel with a yield stress of 50 
ksi. The steel tubes of FTFG1 are assumed to be ASTM A500 grade B with a nominal 
yield stress of 46 ksi. The FTFG1 and STFG1 are assumed to have wide flange beam 
diaphragms made of ASTM A709 grade 50 steel. The diaphragms are located at the 
quarter points and mid span. The girders of the FTFG1 and STFG1 are assumed to have 
nine equally spaced transverse web stiffeners, including bearing stiffeners.     
7.2.2  Design loads 
The design of FTFG1 considers various dead loads and live loads. The dead loads 
include the weight of all structural steel components of the bridge (girders, stiffeners, 
diaphragms, etc.), and deck forms, the concrete deck, the wearing surface on the deck, 
and the attached appurtenances (barriers, railings, lights, etc.). The live loads include the 
construction live loads, and the in-service live loads, including the lane load and truck 
load. 
The dead loads are categorized into two categories:  
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(1) The weight of the structural components and attachments (DC), including the 
steel girder weight (SW), an 8 inch thick concrete deck, a concrete haunch with 
a depth of 3 inch, stay-in-place deck forms with a weight of 16 lbs/ft
2
, and 
other steel members (diaphragms, stiffeners, tube end diaphragms); 
(2) The weight of future wearing surfaces and utilities (barriers, light, railing, etc.) 
(DW).  
Live loads are categorized into two categories: 
(1) The construction live loads (LLC), based on the Guide Design Specifications 
for Bridge Temporary Works (AASHTO, 1995), are represented by a uniform 
load of 20 lbs/ft
2
 on the bridge deck area; 
(2) The truck load and lane load (LL), which according to the AASHTO LRFD 
Bridge Design Specifications (AASHTO, 2010), are based on a 12 ft wide lane. 
The bridge has a single lane. The design lane load is 640 lbs/ft
2
 and is applied 
over a 10 ft width within the lane. The HS-20 truck load was used. A multiple 
presence factor is applied to the live loads, which is 1.2 when one lane is 
loaded. 
7.2.3  Load combinations 
The load combinations with load factors for FTFG1 are shown in Table 7.3. For the 
Constructibility limit state, the load combination includes the effect of the factored dead 
load (DC) and the factored live loads (LLC) during construction conditions. For the 
Service II limit state, the factored dead loads (DC and DW) are included along with the 
factored live loads (LL), which are applied to those locations on bridges which produce 
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the largest demand for each girder. One location (A) is more critical for exterior girder 
G2, and the other location (B) is more critical for interior girder G1. The critical locations 
of the live loads (LL) for the Service II limit state are shown in Figure 7.3. Lastly, the 
Strength I limit state also includes the effects of the dead loads (DC and DW), and the live 
loads (LL) which are applied to the same critical locations as used in the Service II limit 
state. 
7.2.4  Check of design criteria using analysis results from Model-S 
The design criteria are described in Section 4.2. Table 7.4 and Table 7.5 give the 
applied load input to the finite element (FE) models. The results from Model-S described 
in Section 3.2 are used to check the design criteria. The following sub sections show the 
analysis results and the results of checks of the design criteria. 
7.2.4.1 Constructibility  
For an individual girder during girder erection, the load combination is 1.25Dc, and 
only weight of girder was included in Dc. Table 7.6 shows the tubular top flange stress 
results to check the design criteria under the factored Constructibility limit state load for 
the girder erection condition. The results show that the stresses in an individual girder 
satisfy the design criteria. Only G1 is checked, since G1 has the smallest torsional 
stiffness and smallest flexural strength, and the span of G1 is almost the same as the span 
of G2. 
For analysis of an assembled bridge girder system under the deck placement 
condition, the load combination includes both DC and LLC. Table 7.7 shows the tubular 
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top flange stress results to check the design criteria under the Constructibility limit state 
load for the deck placement condition. The results show that FTFG1 satisfies the design 
criteria for the deck placement condition.  
7.2.4.2 Service II limit state  
Table 7.8 gives the flange stress results and the calculation made according to the 
design criteria for Service II limit state. The results show that FTFG1 satisfies the criteria. 
7.2.4.3 Strength I limit state  
Primary bending moment and flange lateral bending moment were combined 
according to the design criteria for the Strength I limit state. The results are shown in in 
Table 7.9, which shows that FTFG1 satisfies the criteria. 
7.3  Design of Two-thirds Scale Test Specimen (STFG1)  
The two-thirds scale test specimen (STFG1) was also designed, and checked against 
the design criteria. 
7.3.1  Bridge geometry 
The dimensions of STFG1 are two-thirds of those of FTFG1. The curvature ratio is 
0.45. The centerline arc length span of the bridge is scaled to 60 ft. The width of the 
concrete bridge deck is scaled to 13 ft and the girders are spaced at 8 ft. The dimensions 
of STFG1 are given in Table 7.1. The steel plates of STFG1 are ASTM A709 grade 50 
steel, and the steel tubes are ASTM A500 grade B. The diaphragms are wide flange 
beams made of ASTM A709 grade 50 steel.  
462 
 
7.3.2  Scaled design loads 
STFG1 is designed to carry the loads which correspond to the loads of FTFG1. The 
corresponding loads are determined by factoring the full-scale loads (discussed earlier) so 
that the stress response of STFG1 is equivalent to that of FTFG1. The scaled design loads 
for STFG1 are shown in Table 7.4, and the loads that are applied to Model-S are shown in 
Table 7.5. 
7.3.3  Load combinations 
The load combinations for STFG1 are the same as those for FTFG1. 
7.3.4  Check of design criteria using analysis of Model-S 
Model-S was used for the analyses required to check the design criteria for STFG1. 
7.3.4.1 Constructibility limit state 
Table 7.10 shows the tubular top flange stress results used to check the design 
criteria for the Constructibility limit state for the deck placement condition. The results 
show that STFG1 is similar to FTFG1, and that it is reasonable to investigate the behavior 
of FTFG1 using STFG1. Also, the results show that STFG1 satisfies the design criteria. 
7.3.4.2 Service II limit state  
Table 7.11 shows the flange stress results used to check the design criteria for the 
Service II limit state. The results show that STFG1, similar to FTFG1, satisfies the design 
criteria. 
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7.3.4.3 Strength I limit state  
Table 7.12 shows the results used to check the design criteria for the Strength I limit 
state. The results show that STFG1 satisfies the design criteria. 
7.4  Validation of Simplified FE Model-S 
To evaluate the accuracy of Model-S, the results of Model-S are compared to the 
results obtained from the detailed FE Model-D1 for FTFG1. 
Figure 7.4 and Figure 7.5 compare the vertical displacements (U3) along the span of 
each girder from FTFG1under factored Constructibility limit state load for the deck 
placement condition from Model-S and Model-D1. The results from Model-S are similar 
results to Model-D1. For each girder, the vertical displacement results from Model-D1 
are larger than those from Model-S, but the results are relatively close. 
Figure 7.6 and Figure 7.7 compares vertical displacements (U3) along the span of 
each girder from FTFG1 under the factored Service II limit state load from Model-S and 
Model-D1. For each girder, the vertical displacement results from Model-D1 are a little 
larger than those from Model-S, but the results are similar. 
Figure 7.8 shows the results from nonlinear load-displacement analysis. The figures 
show the normalized load versus the vertical displacement at mid span of G2 from 
FTFG1 under the Constructibility limit state loading for the deck placement condition. In 
these analyses, the factored Constructibility limit state load is applied, and scaled up to 
the maximum load capacity. The total load is normalized by the factored Constructibility 
limit state load. Model-D1 has slightly larger vertical displacements in the linear elastic 
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range and a smaller maximum load capacity than Model-S. Both models show that 
FTFG1 has a significant margin of safety for the Constructibility limit state. Also, both 
models show that FTFG1 has essentially linear-elastic response up to the factored 
Constructibility limit state load. 
Figure 7.9 shows additional nonlinear load-displacement analysis results for FTFG1. 
The figure shows the normalized load versus the vertical displacement at mid span of G2 
from FTFG1 under the Service II limit state loading. The factored Service II limit state 
load is applied, and the LL component of the factored Service II limit state load is scaled 
up to the maximum load capacity. Figure 7.9 shows that Model-D1 has a slightly smaller 
maximum load capacity than Model-S. Both models show that FTFG1 has a significant 
margin of safety for the Service II limit state.  
Figure 7.10 shows the normalized load versus the vertical displacement at mid span 
of G2 from FTFG1 under the Strength I limit state loading from nonlinear 
load-displacement analyses using Model-D1. The factored Strength I limit state load is 
applied, and the LL component of the factored Strength I limit load scaled up to the 
maximum load capacity in these FE analyses. The total load is normalized by the factored 
Strength I limit state load. The results show that the maximum load capacity is much 
larger than the factored Strength I limit state load, which indicates a significant margin of 
safety for the Strength I limit state. Thus, the design of FTFG1 satisfies the design 
criteria. 
The results of Model-D1 and the comparisons between Model-S and Model-D1 show 
that Model-S can be used to design curved TFG1 bridge systems. 
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7.5  Design of Corresponding Curved Conventional I-girder Bridge  
A full size curved conventional I-girder (IG) bridge corresponding to FTFG1 was 
designed to compare the behavior of FTFG1 and a curved IG bridge system. The design 
criteria are the same as discussed in Section 4.2. The loads and load combinations are the 
same as discussed in Section 7.2. The curved IG bridge has the same centerline arc length 
span (L), curvature ratio (L/R), deck width, and section depth as FTFG1. Five interior 
cross frames were used for the IG bridge, based on the requirement in AASHTO (2010) 
for spacing of intermediate cross frames (or diaphragms). Note that only three interior 
diaphragms were used for FTFG1, so the curved IG bridge has two more interior 
diaphragms (cross frames) than FTFG1.  
7.5.1  Design results  
Table 7.13 shows the dimensions of the corresponding curved IG bridge. Compared 
to the results in Table 7.2, the total area of IGs and the corresponding TFG1s are similar. 
Analyses of the IG bridge system were performed using Model-S. Table 7.14 shows 
the tubular flange stress results to check the design criteria under the factored 
Constructibility limit state load for the deck placement condition. Table 7.15 shows the 
flange stress results to check the design criteria under the factored Service II limit state. 
Table 7.16 shows the analysis results used for checking the design criteria under the 
factored Strength I limit state load. The results show that IG bridge design satisfies the 
design criteria. 
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7.5.2  Comparisons  
Comparisons between the responses of FTFG1 and the corresponding IG bridge are 
made. FE analysis results from Model-D1 were used to compare the response of the two 
bridge systems. The responses of the individual girders under girder weight during girder 
erection are compared. Also, the responses of the curved assembled bridge girder systems 
under the Constructiblity limit state loading (for the deck placement condition), the 
Service II limit state loading, and Strength I limit state loading are compared. 
Table 7.17 compares normal stress in the tubular flange for the individual girders 
under girder weight without temporary shoring (or other supports) within the span for 
FTFG1 and the corresponding IG bridge (cross frames are not attached). The results show 
that the individual curved TFG1 develop much less flange lateral bending (warping) 
normal stress (fl) and total normal stress (ff+fl) than the corresponding individual curved 
IG. Figure 7.11 and Figure 7.12 compare the vertical displacements (U3) for the 
individual curved girders under girder weight across the span (without temporary shoring 
or other supports within the span) for FTFG1 and the corresponding IG bridge. The 
results show that the individual curved FTFG1 develops much smaller vertical 
displacements than the corresponding IG. These comparisons show that an individual 
girder from FTFG1 develops much less warping normal stress, total normal stress, and 
vertical displacement than the corresponding individual girder from the corresponding IG 
bridge. 
Figure 7.13 and Figure 7.14 compare the vertical displacements (U3) along the span 
of G2 from FTFG1 and the corresponding IG bridge under the factored Constructibility 
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limit state load for the deck placement condition (Figure 7.13) and the factored Service II 
limit state load (Figure 7.14). The results in these figures show that the two assembled 
bridge girder systems have very similar stiffness under vertical load, both without a 
composite concrete deck (Figure 7.13) and with a composite concrete deck (Figure 7.14). 
Figure 7.15 compares the normalized load versus the vertical displacement at mid 
span of G2 from FTFG1 and the corresponding IG bridge under the Constructibility limit 
state loading (deck placement condition) from nonlinear load-displacement analyses. The 
maximum load capacity of FTFG1 is slightly larger than that of the corresponding IG 
bridge. 
Figure 7.16 compares the normalized load versus the vertical displacement at mid 
span of G2 from FTFG1 and the corresponding IG bridge under the Service II limit state 
loading from nonlinear load-displacement analyses. The maximum load capacity of 
FTFG1 is slightly larger than that of the IG bridge. 
Figure 7.17 compares the normalized load versus the vertical displacement at mid 
span of G2 from FTFG1 and the corresponding IG bridge under the Strength I limit state 
loading from nonlinear load-displacement analyses. The maximum load capacity of 
FTFG1 is slightly larger than that of the IG bridge.  
These results show that for assembled bridge girder systems, the girders from FTFG1 
have vertical displacements similar to those from the corresponding IG bridge. FTFG1 
has a slightly larger maximum load capacity than the corresponding IG bridge for both 
the non-composite system (under the Constructibility limit state loading for the deck 
placement condition) and the composite system (under the Service II limit state and the 
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Strength limit state loading). 
7.6  Summary of Results  
A full size curved TFG1 bridge (FTFG1) and corresponding two-thirds scale TFG1 
bridge (STFG1) were designed according to the limit state design criteria discussed in 
Section 4.2. A curved IG bridge corresponding to FTFG1 was also designed. The 
following results are observed: 
(1) Both FTFG1 and STFG1 satisfy the design criteria. 
(2) The individual girders from FTFG1 can carry their own weight across the span 
without temporary shoring (or other supports) within the span. 
(3) The assembled FTFG1 and corresponding IG bridge have similar vertical 
displacements under applied loads; FTFG1 has a larger maximum load 
capacity than the corresponding IG bridge for both noncomposite and 
composite (with the concrete bridge deck) conditions. 
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Table 7.1 Dimensions of cross sections for STFG1 
Girder 
Depth 
(inch) 
Tube 
(inch) 
Plate 
(inch) 
Web 
(inch) 
Area 
(inch
2
) 
G1 36 12x8x0.349 12x0.75 27.25x0.375 32.7 
G2 36 12x8x0.349 12x1.5 26.5x0.375 41.4 
 
 
 
Table 7.2 Dimensions of cross sections for FCTFG1 
Girder 
Depth 
(inch) 
Tube 
(inch) 
Plate 
(inch) 
Web 
(inch) 
Area 
(inch
2
) 
G1 54 18x12x0.525 18x1.125 34.88x0.563 73.6 
G2 54 18x12x0.525 18x2.25 33.38x0.563 93.1 
 
 
 
Table 7.3 Load factors and load combinations for different limit states 
Limit State DC LLC DW LL 
Constructibility 1.25 1.75 -- -- 
Service II 1.00 -- 1.00 1.30 
Strength I 1.25 -- 1.50 1.75 
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Table 7.4 Load input to FE models for FTFG1 and STFG1 
Design load Load type Load for FTFG1 Load for STFG1 
Dead load 
Steel dead load 
Weight of girders and 
diaphragms with  
a unit weight 
 of 490 lbs/ft
3
 
Weight of girders and 
diaphragms with a unit 
weight of 490lbs/ft
3
 and 
additional weight equal 
 to 1/2 weight of girders 
and diaphragms 
Deck dead load 
Weight of 8 inch thick 
concrete deck with 
 a unit weight  
of 150 lbs/ft
3
 
Weight of concrete deck 
with 5.3 inch thickness 
and additional weight 
equal to 1/2 weight of 
concrete deck 
Deck form dead load 
Uniform pressure 
 of 16 lbs/ft
2
 
Uniform pressure of 16 
lbs/ft
2
 over the scaled 
width and length 
Wearing surface  
dead load 
Uniform pressure 
 of 30 lbs/ft
2
 
Uniform pressure of 30 
lbs/ft
2
 over the scaled 
width and length 
Utility dead load 
Uniform line load 
 of 275 lbs/ft 
Uniform line load of 
183.3 lbs/ft 
Construction 
live load 
Construction live load 
Uniform pressure 
 of 20 lbs/ft
2
 
Uniform pressure of 20 
lbs/ft
2
 over the scaled 
width and length 
Live load 
HS20 truck load with 8 
kips, 32 kips, 32 kips for 
three axles and three  
axles spaced at 14 ft to 
produce the maximum 
load effect; wheel loads 
spaced at 6 ft with  
½ axle load each to 
represent axle loads. 
Concentrated loads with 
same magnitude and  
same spacing as wheel 
loads 
Concentrated loads with 
4/9 of the magnitude 
and 2/3 of the spacing of 
wheel loads 
Lane load with a force 
 per length of 0.64 
kip/ft uniformly 
distributed 
 over a 10 ft width for 
 a design lane. 
Uniform pressure 
 of 64 lbs/ft
2
 over 
 a 10 ft width 
Uniform pressure  
of 64 lbs/ft
2 
over  
a 6.67 ft width 
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Table 7.5 Load input to FE models for FTFG1 and STFG2 
Design load Load type 
Applied load in FE 
models for FTFG1 
Applied load in FE 
models for STFG1 
Dead load 
Steel dead load 
Density of girder γ 
（kip/inch3) 
Density of girder 1.5γ 
(kip/inch
3
) 
Deck dead load 
Pressure f 
(kip/inch
2
) 
Pressure f 
(kip/inch
2
) 
Deck form dead load 
Pressure f 
(kip/inch
2
) 
Pressure f 
（kip/inch2) 
Wearing surfaces dead 
load 
Pressure f 
(kip/inch
2
) 
Pressure f 
(kip/inch
2
) 
Utilities dead load 
Line load w 
(kip/inch) 
Line load (2/3)w 
(kip/inch) 
Construction 
live load 
Construction live load 
Pressure f 
(kip/inch
2
) 
Pressure f 
(kip/inch
2
) 
Live load 
HS20 truck load 
Concentrated loads P 
(kip) 
Concentrated loads 
(4/9)P (kip) 
Lane load 
Pressure f 
(kip/inch
2
) 
Pressure f 
(kip/inch
2
) 
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Table 7.6 Top flange stress design check for Constructibility limit state for individual 
girder G1 from FTFG1 during girder erection 
Girder 
Stress in top flange 
(ksi) 
ff fl |ff+fl| Fyc |ff+(1/3)fl| Fnc 
G1 -3.41 -2.39 5.81 46 4.21 32.79 
 
 
 
Table 7.7 Flange stress design check for Constructibility limit state for deck placement 
condition for FTFG1 
Girder Flange 
Stress in flanges 
(ksi) 
ff fl |ff+fl| Fyc 
|ff+(1/3)f
l| 
Fnc 
G1 
Top 
flange 
-8.81 -1.93 10.74 46 9.45 46 
Bottom 
flange 
8.96 4.42 13.38 50 - - 
G2 
Top 
flange 
-35.30 -7.27 42.57 46 37.73 46 
Bottom 
flange 
23.89 12.52 36.41 50 - - 
 
 
 
Table 7.8 Flange stress design check for Service II limit state for FTFG1 
Girder 
Top flange 
(ksi) 
Bottom flange 
(ksi) 
|ff| 0.95Fyf ff fl |ff+(1/2)fl| 0.95Fyf 
G1 8.39 43.7 19.36 4.30 21.51 47.5 
G2 31.56 43.7 39.03 15.60 46.83 47.5 
 
 
 
Table 7.9 Flexural strength design check for Strength I limit state for FTFG1 
Girder 
Mu 
(kip-inch) 
fl 
(ksi) 
Sxt 
(inch
3
) 
Mu+(1/3)flSxt 
(kip-inch) 
Mn 
(kip-inch) 
G1 41250 10.06 1757 47140 114600 
G2 119900 16.43 2744 134900 167400 
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Table 7.10 Flange stress design check for Constructibility limit state for deck placement 
condition for STFG1 
Girde
r 
Flange 
Stress in top flange 
(ksi) 
ff fl |ff+fl| Fyc 
|ff+(1/3)fl
| 
Fnc 
G1 
Top 
flange 
-8.76 -1.68 10.44 46 9.32 46 
Bottom 
flange 
8.68 3.99 12.66 50 - - 
G2 
Top 
flange 
-35.63 -7.60 43.22 46 38.16 46 
Bottom 
flange 
24.13 12.32 36.45 50 - - 
 
 
 
Table 7.11 Flange stress design check for Service II limit state for STFG1 
Girder 
Top flange 
(ksi) 
Bottom flange 
 (ksi) 
|ff| 0.95Fyf ff fl |ff+(1/2)fl| 0.95Fyf 
G1 8.09 43.7 18.84 4.39 21.04 47.5 
G2 30.97 43.7 38.45 15.43 46.16 47.5 
 
 
 
Table 7.12 Flexural strength design checkfor Strength I limit state for STFG1 
Girder 
Mu 
(kip-inch) 
fl 
(ksi) 
Sxt 
(inch
3
) 
Mu+(1/3)flSxt 
(kip-inch) 
Mn 
(kip-inch) 
G1 13890 10.02 879 16820 58940 
G2 38250 15.69 1328 45200 79040 
 
 
 
Table 7.13 Dimensions of cross sections for IG bridge 
Girder 
Depth 
(inch) 
Top plate 
(inch) 
Bottom plate 
(inch) 
Web 
(inch) 
Area 
(inch
2
) 
G1 54 18x1.25 18x1.25 51.5x0.5625 73.9 
G2 54 18x1.5 18x2.25 50.25x0.5625 95.8 
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Table 7.14 Flange stress design check for Constructibility limit state for deck placement 
condition for IG bridge 
Girder Flange 
Stress in flanges 
(ksi) 
ff fl |ff+fl| Fyc 
|ff+(1/3)f
l| 
Fnc 
G1 
Top 
flange 
-3.82 -5.22 9.04 50 5.56 49.33 
Bottom 
flange 
3.91 5.06 8.96 50 - - 
G2 
Top 
flange 
-30.71 -12.79 43.50 50 34.97 49.38 
Bottom 
flange 
25.10 11.60 36.71 50 - - 
 
 
 
Table 7.15 Flange stress design check for Service II limit state for IG bridge 
Girder 
Top flange 
(ksi) 
Bottom flange 
(ksi) 
|ff| 0.95Fyf ff fl |ff+(1/2)fl| 0.95Fyf 
G1 5.19 47.5 14.77 1.82 15.68 47.5 
G2 29.14 47.5 41.13 10.34 46.30 47.5 
 
 
 
Table 7.16 Flexural strength design check for Strength I limit state for IG bridge 
Girder 
Mu 
(kip-inch) 
fl 
(ksi) 
Sxt 
(inch
3
) 
Mu+(1/3)flSxt 
(kip-inch) 
Mn 
(kip-inch) 
G1 43140 4.73 1903 46140 120600 
G2 121600 8.58 2840 129700 162400 
 
 
 
Table 7.17 Normal stress in top flange of individual girders under girder weight for 
FTFG1 and IG bridge during girder erection 
Bridge Girder 
ff 
(ksi) 
fl 
(ksi) 
|ff+fl|  
(ksi) 
FTFG1 
G1 -2.74 -1.51 4.25 
G2 -3.42 -2.47 5.89 
IG 
G1 -1.83 -11.67 13.50 
G2 -3.22 -17.35 20.56 
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Choose cross section dimensions for scaled 
test specimen (STFG1) based on cross 
section proportion limits in AASHTO 2010 
and available sizes of tubes and plates  
Scale up the section dimensions by 1.5 to get  
dimensions for full size curved two-TFG1 
bridge (FTFG1)
  Check if FTFG1 
meets  design criteria
Use Model-D1 to validate results from 
Model-S for FTFG1
  Check if STFG1 
meets  design criteria 
NO
YES
Adjust cross 
section dimension
Analyze FTFG1 using Model-S
YES
NO
Analyze STFG1 using  Model-S
Adjust cross 
section dimension
YES
Never happens
DONE
 
Figure 7.1 Design process for FTFG1 and STFG1 
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Figure 7.2 Cross section of FTFG1 
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Figure 7.3 Critical locations of live loads 
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Figure 7.4 Vertical displacement (U3) along span of G1 from FTFG1 under factored 
Constructibility limit state load (deck placement condition) 
 
 
 
Figure 7.5 Vertical displacement (U3) along span of G2 from FTFG1 under factored 
Constructibility limit state load (deck placement condition) 
 
 
-3.0
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0 0.2 0.4 0.6 0.8 1
V
er
ti
ca
l 
d
is
p
la
ce
m
en
t 
(i
n
ch
) 
Normalized length 
Model-D1
Model-S
-7
-6
-5
-4
-3
-2
-1
0
0 0.2 0.4 0.6 0.8 1
V
er
ti
ca
l 
d
is
p
la
ce
m
en
t 
(i
n
ch
) 
Normalized length 
Model-D1
Model-S
478 
 
 
Figure 7.6 Vertical displacement (U3) along span of G1 from FTFG1 under factored 
Service II limit state load 
 
 
 
Figure 7.7 Vertical displacement (U3) along span of G2 from FTFG1 under factored 
Service II limit state load 
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Figure 7.8 Load versus vertical displacement at mid span of G2 from FTFG1 under 
Constructibility limit state loading (deck placement condition) 
 
 
 
Figure 7.9 Load versus vertical displacement at mid span of G2 from FTFG1 under 
Service II limit state loading 
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Figure 7.10 Load versus vertical displacement at mid span of G1 and G2 from FTFG1 
under Strength I limit state loading 
 
 
 
Figure 7.11 Vertical displacement (U3) along span of G1 from FTFG1 and corresponding 
IG bridge girder weight (individual girder during girder erection) 
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Figure 7.12 Vertical displacement (U3) along span of G2 from FTFG1 and corresponding 
IG bridge under girder weight (individual girder during girder erection) 
 
 
 
Figure 7.13 Vertical displacement (U3) along span of G2 from FTFG1 and corresponding 
IG bridge under factored Constructibility limit state load (deck placement condition) 
-25
-20
-15
-10
-5
0
0 0.2 0.4 0.6 0.8 1
V
er
ti
ca
l 
d
is
p
la
ce
m
en
t 
(i
n
ch
) 
Normalized length 
FTFG1
IG
-7
-6
-5
-4
-3
-2
-1
0
0 0.2 0.4 0.6 0.8 1
V
er
ti
ca
l 
d
is
p
la
ce
m
en
t 
(i
n
ch
) 
Normalized length 
FTFG1
IG
482 
 
 
Figure 7.14 Vertical displacement (U3) along span of G2 from FTFG1 and corresponding 
IG bridge under factored Service II limit state load 
 
 
 
Figure 7.15 Load versus vertical displacement at mid span of G2 from FTFG1 and 
corresponding IG bridge under Constructibility limit state loading (deck placement 
condition) 
 
-8
-7
-6
-5
-4
-3
-2
-1
0
0 0.2 0.4 0.6 0.8 1
V
er
ti
ca
l 
d
is
p
la
ce
m
en
t 
(i
n
ch
) 
Normalized length 
IG
FTFG1
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
0 5 10 15 20 25
N
o
rm
a
li
ze
d
 L
o
a
d
 
Vertical displacement (inch) 
IG
FTFG1
1.25Dc+1.75LLc 
483 
 
 
Figure 7.16 Load versus vertical displacement at mid span of G2 from FTFG1 and 
corresponding IG bridge under Service II limit state loading 
 
 
 
Figure 7.17 Load versus vertical displacement at mid span of G2 from FTFG1 and 
corresponding IG bridge under Strength I limit state loading 
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Chapter 8:   Erection and Assembly of Test Specimen 
8.1  Introduction 
An experimental study was conducted to investigate and validate the design criteria 
for curved TFG1 bridges, the process of fabricating and erecting a curved TFG1 bridge, 
and the FE models used throughout this research. The design of the TFG1 test specimen 
(called STFG1 in Chapter 7) was discussed in Chapter 7. This chapter discusses the 
erection and assembly of the two-girder test specimen, including fabrication, handling, 
and erection of girders with TFG1 sections, and installation of the diaphragms between 
the TFG1s to assemble the system. Also discussed in this chapter are the stresses and 
deformations that developed during the assembly process. 
8.2  Dead Load Camber 
Steel bridge girders should be cambered during fabrication to compensate for the 
vertical displacements under dead load (Chapter 6). For the test specimen, the camber 
was calculated as the inverse of the vertical displacements of the assembled two-girder 
test specimen under the structure component weight, including the steel girders, stiffeners, 
and diaphragms. For each girder of the test specimen, the camber is shown in Table 8.1. 
8.3  Fabrications of Girders 
The girders were fabricated by High Steel Structures Inc., a steel bridge fabricator 
and erector located in Lancaster, Pennsylvania. The tubular top flanges of the test 
specimen were mechanically bent (cold bent) to the required curvature. The bottom plate 
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flanges were cut to their final curved shape. The tubular flanges were fabricated with 
shop-welded butt splices because tubes long enough for the length of the girders could 
not be purchased economically. The webs and bottom plate flanges of the girders were 
fabricated without splices.  
The tubular flanges were fabricated from HSS12x8x0.349 (ASTM A500 grade C 
steel tubes). First, lengths of the tubes were cold bent to the specified curvature for the 
inside girder (G1) and outside girder (G2). Then the end regions of these lengths (which 
were not properly bent) were cut off. Finally these lengths of the tubes were spliced 
together. The tubes were spliced using a gas metal arc welding (GMAW) process. Prior to 
making the splice welds, the 0.349 inch thick walls of the tubes were prepared with a 45 
degree bevel and 1/16 inch land. Since the root of the weld could not be accessed for 
back gouging and re-welding, the butt splice weld was considered to be a PJP weld. As 
shown in the photo of a splice mock-up in Figure 8.1 (provided by the fabricator during 
work to develop the tube splice process), due to the differences in the width and depth of 
the tubes at a splice, the tube walls have an offset of as much as 1/16 inch at the splice. 
Figure 8.2 (provided by the fabricator) shows the offset at the splice mock-up reduced by 
weld reinforcement and grinding. Section 9.3 discusses the effect of the offsets at the 
splice on the behavior of the test specimen during the tests. The web plates and flange 
plates were cut from larger plates of ASTM A709 grade 50 steel and did not include shop 
splices. The tubular top flange and bottom plate flanges were joined to the web of each 
girder using submerged arc welding (SAW). Stiffeners were welded using SAW. There 
was no concrete infill in the tubes. 
The diaphragms between the two girders were fabricated separately from W24x62 
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sections made of ASTM A992 steel. After all the components ware fabricated, the girders 
and diaphragms were transported by truck to the ATLSS Center. The girders were shipped 
without tube end diaphragms, which are discussed later. 
8.4  Erection and Assembly of Test Specimen 
The process of erection and assembly is described in terms of six main events of the 
work as shown in Table 8.2. Event 0 is the erection of each girder on temporary bearings 
and the installation of the end diaphragms. Event 1 is jacking each girder to create the no 
load (NL) condition for installing the tube end diaphragms. Event 2 was releasing the 
jack to allow each girder to deflect under its own weight. Event 3 through Event 6 are 
installing the three interior diaphragms. Event 3 is attaching the interior diaphragms to 
G2. Event 4 is connecting the mid span diaphragm to G1. Event 5 is connecting the west 
quarter span diaphragm to G1. Event 6 is connecting the east quarter span diaphragm to 
G1. The states or condition of the test specimen before, during, and after these events are 
shown in Table 8.2. 
8.4.1  Handling and erection of test specimen 
A crane was used to lift each girder from the delivery truck to its position on 
temporary bearings in the test setup. Each girder was picked from two points as shown in 
Figure 8.3. These two positions are on a line passing through the centroid of the girder. 
Figure 8.4 through Figure 8.8 show the process of picking and erecting the test specimen. 
First, the crane picked a girder from the truck (Figure 8.4), and carried the girder to the 
correct temporary bearing position (Figure 8.5). Second, the girder was temporarily 
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supported by a brace at each end as shown in Figure 8.6, Figure 8.7, and Figure 8.8 
before the end diaphragms were installed. Third, after the two girders were erected 
correctly on the temporary bearings, the crane moved the end diaphragms into place 
(Figure 8.7) and the end diaphragms were connected to the girders with connection plates 
and bolts. Finally, the temporary braces were removed, and Event 0 was completed. 
Figure 8.9 shows the two single girders with the end diaphragms and no interior 
diaphragms. Note that the tube end diaphragms are not yet installed. Figure 8.6 shows 
that the vertical displacement of the TFG1 during lifting was very small. Figure 8.9 
shows that each girder has no temporary shoring between the end bearings, and the 
vertical displacement of each girder under its own weight is very small. Figure 8.6 and 
Figure 8.9 show that an individual curved TFG1 has very small vertical displacement and 
can carry its own weight without shoring within the span, which is consistent with FE 
analysis results presented in Chapter 4 through Chapter 7. 
8.4.2  Measurement of geometric imperfections 
The initial geometric imperfections of the tubes of both girders were measured. Due 
to cold bending, the outside dimensions of the tubes were not the expected 12 inch by 8 
inch. The outside dimensions of the tube for each girder are shown in Table 8.3. As the 
data in the table shows, the tube cold bending process increased the depth of the tube on 
the inside of the curvature by about ½ inch. Also, the width decreased.  
8.4.3  Instrumentation  
The response of the girders was measured during assembly of the test specimen. 
Strains, vertical and lateral displacements, and forces applied were measured. The 
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displacements were measured by displacement transducers (LVDTs). Strain gages were 
attached to the test specimen.  
Strains, vertical displacements, and forces during the process of the tube end 
diaphragm installation were measured. The forces applied to the girders and diaphragms 
were obtained from the oil pressure and cylinder area of the jacks used to lift the girders. 
The strain gage locations are shown in Figure 8.10. Note that the strain gages are located 
on each side of the web at the locations shown in Figure 8.10. During the tube end 
diaphragm installation, each girder was jacked at three points at the west quarter span, 
mid span and east quarter span.  
Strains, vertical and lateral displacements, and forces applied during installation of 
the interior diaphragms, were also measured. Transducers used during the installation of 
the interior diaphragms are identified by specific names as shown in Figure 8.11 to Figure 
8.14. G1 and G2 have an identical arrangement of transducers. For each girder, there 
were 20 strain gages to measure normal strain, and two strain gages to measure shear 
strain; there were two displacement transducers (LVDTs) connected to target points at the 
bottom flange tips for each section to measure the vertical displacements and two LVDTs 
connected to top and bottom flange target points to measure the lateral displacements for 
each section. These LVDTs were used at three sections shown in Figure 8.14. For G1, the 
lateral LVDTs were located on the inside of the horizontal curvature to the south. For G2, 
the lateral LVDTs were located on the outside of the horizontal curvature to the north. In 
the figures, Sections B, C and D corresponds to Section R-CW, A, and R-CE, respectively, 
in Figure 8.11. For each section, strain gages are identified by W and E, where W denotes 
gages to the west, and E denotes gages to the east. Transducers on the inside or outside of 
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the horizontal curvature for each girder are identified by I and O. The notation for the 
transducers is summarized in Figure 8.15. For example, G1CI_WTW refers to the strain 
gage at the inside of the top of the web, west of section C, on G1. G2CO_DISPL refers to 
the outside vertical LVDT at section C of G2. 
8.4.4  Tube end diaphragm installation 
The tube end diaphragms were not installed when the girders were fabricated. The 
vertical displacements of individual curved TFG1s without tube end diaphragms are 
significantly larger than the vertical displacements of individual curved TFG1s with tube 
end diaphragms. Figure 8.16 and Figure 8.17 show the vertical displacements with and 
without tube end diaphragms from FE analysis of Model-D1 for girder erection condition. 
The end tube diaphragms should be in place before the girder is under load. Therefore, 
the NL condition was created in the test specimen before the tube end diaphragms were 
installed. Each girder was jacked up to the approximate NL condition using three jacks 
located at the west quarter span, mid span and east quarter span. Eight strain gages 
(Figure 8.10) attached to each girder were used to measure the strain changes as the 
girders were jacked up. Each girder was raised to the approximate NL condition, and then 
the end tube diaphragms were installed and welded into the girders. The approximate NL 
condition was determined using primary bending strains in the girder webs from analysis. 
The initial strains were from analysis under self weight of girders. Jack forces to reverse 
these strains to zero were estimated. The calculated forces needed to jack each girder are 
shown in Table 8.4. The measured forces used to jack each girder to the NL condition are 
shown in Table 8.5. Figure 8.18 shows the jack system used to jack up the girder. Figure 
8.19 shows the installed and welded tube end diaphragm. After the tube end diaphragms 
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were installed, the jack forces were released allowing the girders to deflect under their 
weight and Event 2 was completed. 
8.4.5  Interior diaphragm installation 
The three interior diaphragms of the test specimen are located at the west quarter 
span, mid span, and east quarter span. There were four steps (Event 3 through Event 6 in 
Table 8.2) to install these interior diaphragms in the test specimen. 
Event 3: Three interior diaphragms were attached to the outside girder (G2). The mid 
span diaphragm was attached first. Then the west quarter span diaphragm and east quarter 
span diaphragm were attached in sequence. Figure 8.20 shows a diaphragm attached to 
G2 using connection plates and bolts. 
Event 4: The mid span diaphragm was attached to the inside girder (G1). Initially, 
there were differential vertical displacement between G1 and the mid span diaphragm. At 
mid span, there was very little differential vertical displacement at the connection 
location, so no vertical force was needed. There was a significant differential lateral 
displacement, so a jack was used near the top of the diaphragm to open a gap between the 
diaphragm and G1 to align the bolt holes. Then, four drift pins were driven in, and bolts 
were put in the other holes. The jack force was released and all the bolts were tightened. 
The drift pins were then removed and the remaining bolts were installed and tightened. 
Figure 8.21 shows the mid span diaphragm connected to G1 and G2. 
Event 5: At the west quarter span, there were both differential vertical displacement 
and differential rotation at the connection location. G1 was higher than the diaphragm, so 
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a vertical force was needed to push down G1 and lift up the diaphragm. Figure 8.22 
shows the jack system used to remove the differential vertical displacement. After 
aligning the holes at the connection, four drift pins were driven into the holes to remove 
the differential rotation, and bolts were put in the other holes. Then the jack force was 
released, and the bolts were tightened. Four drift pins were then replaced by four bolts, 
which were installed and tightened. 
Event 6: The process at the east quarter span diaphragm was the same as the west 
quarter span diaphragm (Event 5). Figure 8.23 shows a photo of the curved two-girder 
test specimen after installation of the interior diaphragms. 
8.5  Erection and Assembly Test Data and Comparison with FE Results 
The measured data and comparisons with results from FE models (using Model-D1) 
are presented in this section. The measured data is focused on the responses during 
erection and assembly of the test specimen.  
8.5.1  Sign convention 
The sign convention used for the measured data is as follows. For strain gages, 
positive data means the gage elongated and the strain is in tension; negative data means 
that the strain is in compression. For vertical LVDT displacement data, the upward 
direction is negative; the downward direction is positive. For lateral LVDT displacement 
data for G1, positive data means the target point on the girder moves towards the outside 
of the curvature to the north. For lateral LVDT displacement data for G2, positive data 
means the target point on the girder moves toward the inside of the curvature to the south. 
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8.5.2  Analysis of test girder 
FE analyses results from Model-D1, discussed in Chapter 3, were compared with the 
test data. Comparisons of the measured data and the FE results were conducted based 
mainly on the changes between States S1-1, S2, S3-5, S3-9, and S3-14 and their previous 
states as shown in Table 8.2.  
For the FE models to analyze the changes between States S1-1 and S2 and their 
previous states, the two girders of the test specimen were connected by only the end 
diaphragms.  
For the FE models to analyze the changes between States S3-5, S3-9, and S3-14 and 
their previous states, the connections between the interior diaphragms and G1 varied 
depending on the different states. For the changes between S3-4 and S3-5 due to the 
jacking to align the connection of the mid span diaphragm, G1 was not connected to the 
three interior diaphragms; for the changes between S3-9b and S3-9 due to the jacking to 
align the connection of the west quarter span diaphragm, G1 and G2 were connected to 
the mid span diaphragm; for the changes between S3-13 and S3-14 due to the jacking to 
align the connection of the east quarter span diaphragm, G1 and G2 were connected to 
the mid span diaphragm and west quarter span diaphragm. 
From the data measured during these events, the response of the two-girder test 
specimen was estimated and compared to results from the FE models. For the FE analysis 
results, the existing moment, strain, and displacements due to the self weight of the 
girders are not included unless stated. 
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8.5.3  Correction of test data  
As shown Figure 8.24 and Figure 8.25, the test data as recorded during the assembly 
process had significant noise compared to the observed values. For example, data from 
strain gage S3-9b has noise of about 1 micro-strain and the measured value is about 4 
micro-strain. It was also observed that the data drifted over time. Figure 8.24 and Figure 
8.25, however, show that the data over one minute is stable without drift. Thus, 
considering the drift and noise, the average value over one minute of data was considered 
to be more reliable than using a single data point. For all measured data presented below, 
an average over one minute was used to process the data.   
8.5.4  Response changes between states S1-0 and S1-1 for Event 1  
Event 1 was jacking each girder to an approximate NL condition to install and weld 
the tube end diaphragms. The expected jack forces needed to create the NL condition 
were discussed in Section 8.4. These forces cause tension in the tubular top flange and 
compression in the bottom flange. Table 8.5 presents the observed jack forces. 
Comparisons between the FE results and the measured strains at the west quarter span, 
mid span, and east quarter span for each girder are shown in Figure 8.26 and Figure 8.27 .  
Normal strain 
Figure 8.26 and Figure 8.27 show that the measured normal strain changes of G1 
between S1-0 and S1-1 are less than the FE results, but the differences are not large 
(approximately 10 micro-strain). The measured normal strain changes of G2 between 
S1-0 and S1-1 are close to the FE results.  
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Vertical displacement 
Figure 8.28 (G1) and Figure 8.29 (G2) show the vertical displacements during the 
jacking between S1-0 and S1-1. The vertical displacement shown is the average from the 
two vertical LVDTs at each section. The measured vertical displacement changes for G1 
between S1-0 and S1-1 are similar to the FE results. The measured vertical displacement 
changes for G2 between S1-0 and S1-1 are smaller than the FE results.  
Cross section rotation 
The cross section rotation was calculated from the measured vertical displacements 
from the two vertical LVDTs at each section. Figure 8.30 (G1) and Figure 8.31 (G2) show 
the cross section rotation between S1-0 and S1-1. For G1, the measured data are less than 
the FE results. A similar comparison is observed for G2. 
For most of the normal strain, vertical displacement, and cross section rotation 
changes measured between S1-0 and S1-1, the FE results are greater than the measured 
data. Friction at the temporary bearings could have reduced the strains and displacements 
that occur during the jacking of the test specimen to the NL condition. 
Comparisons of jack forces to girder weight 
Table 8.6 shows the total jack forces compared to the estimated steel weight 
including the girders, stiffeners and end diaphragms for each girder. The weight of each 
girder was estimated from the cross section dimensions and length, discussed in Chapter 
7. The total jack forces are smaller than the steel weight for each girder, which, as 
expected, shows the girder did not lift off the temporary bearings during the jacking 
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process.   
8.5.5  Response changes between states S1-2 and S2 for Event 2  
Normal strain 
When the jack forces were released, each girder displaced vertically downward due 
to its own weight. The bottom flange was in tension, and the top flange was in 
compression. For G1, the FE results are about 10 to 15 micro-strain more than the 
measured strain as shown in Figure 8.32, and the differences are not small. The reason is 
not clear. Possible reasons include the boundary conditions including friction at the 
temporary bearings. For G2, the FE results are close to the measured data as shown in 
Figure 8.33. 
Vertical displacement 
For G1, as shown in Figure 8.34, the measured vertical displacement data is slightly 
(about 10%) larger than the FE results. For G2, as shown in Figure 8.35, the FE results 
are quite close to the measured data. 
Cross section rotation 
The differences between the measured data and the FE results for cross section 
rotation are similar to the differences in vertical displacements as shown Figure 8.36 (G1) 
and Figure 8.37 (G2). 
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8.5.6  Response changes between the adjacent states for Event 3 through 6  
As discussed earlier, there were differential vertical displacements and cross section 
rotations about the circumferential axis between G1 and the interior diaphragms after the 
diaphragms were attached to G2. A jack force was needed to align the connections of the 
interior diaphragms to G2 between S3-4 and S3-5, S3-9b and S3-9, and S3-13 and S3-14. 
Table 8.7 gives the measured jack forces used to align the connection of the interior 
diaphragms. In Model-D1, jack forces were applied to eliminate the differential vertical 
displacements between G1 and the connection of the interior diaphragms. 
Normal strain 
Table 8.8 through Table 8.11 present the normal strain changes between the adjacent 
states as listed in Table 8.2 for each section. 
When attaching the interior diaphragms to G2 (going from S3-1b to S3-1), there 
should be no changes in strains for G1 and small changes for G2. For G1, Table 8.8 and 
Table 8.10 show that the changes in the normal strain are very small. For G2, Table 8.9 
and Table 8.11 show that the strain changes are very small.  
Between S3-4 and S3-5, the radial force put the bottom web of G1 (Table 8.8) in 
compression and the bottom web of G2 (Table 8.9) in tension. At the tubular flanges of 
the two girders (Table 8.10 and Table 8.11), the jack forces induced noticeable normal 
strain. During driving the drift pins in and torqueing the bolts (between S3-5 to S3-8), the 
strain changes were very small at the bottom web for G1 and G2. At the tubular flange at 
mid span, G1 had small normal strain changes, but G2 had larger normal strain change 
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when drift pins were put in (between S3-5 and S3-6) to eliminate the differential rotation.  
For the changes during Event 5 (between S3-9b and S3-13) as shown in Table 8.8 
through Table 8.11, there are measurable normal strain changes at the bottom web of 
Sections B, C, and D, and at the top tube and top web at mid span for each girder between 
S3-9b and S3-9. Otherwise, the normal strain changes are small except the measurable 
strain changes between S3-9 and S3-10. 
For Event 6, similar to Event 5, the normal strain changes are measurable between 
S3-13 and S3-14. Otherwise, the normal strain changes are not large. 
Figure 8.38 through Figure 8.43 compare the FE results and the measured data at the 
bottom web between S3-5, S3-9, and S3-14 and their previous states. For the changes 
between S3-4 and S3-5, shown in Figure 8.38 and Figure 8.39, the FE results and the 
measured data differ, but the normal strain changes are very small. Figure 8.40 and 
Figure 8.41 compare the changes between S3-9b and S3-9. The FE results are close to the 
measured data at the bottom webs for both girders. As shown in Figure 8.42 and Figure 
8.43, the FE results are similar to the measured data at the bottom web for both girders 
between S3-13 and S3-14. 
For normal strain changes at the tubular flange and top web, the locations include the 
inside of the tube west of mid span (G1CI_WT), the outside of the tube west 
(G1CO_WT), the inside of the tube east of mid span (G1CI_ET), the outside of the tube 
east of mid span (G1CO_ET), the top web west of mid span (G1CI/O_WTW), the top 
web east of mid span (G1CI/O_WTW), which are labeled as locations 1 to 6 for each 
girder. As shown in Figure 8.44 and Figure 8.45, the differences between the FE results 
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and the measured data are very large between S3-4 and S3-5. For the changes between 
S3-8 and S3-9 and between S3-13 and S3-14 as shown in Figure 8.46 through Figure 
8.49, the FE results are close to the measured data for G1 and G2. 
Vertical displacement 
 For the changes between S3-1 through S3-3 and their previous states as shown in 
Table 8.12, there are small vertical displacement changes for G2 since the weight of the 
interior diaphragms is small. 
For the changes between S3-4 through S3-8 and their previous states as shown in 
Table 8.12, there are measurable vertical displacements between S3-4 and S3-5 for G1 
and G2. Otherwise, the vertical displacement changes are very small. 
For the changes between S3-9 through S3-14 and their previous states, there are 
measurable vertical displacements when jacking to align G1 and the diaphragms 
(between S3-9b and S3-9, between S3-13 and S3-14). Otherwise, the vertical 
displacement changes are small. 
Figure 8.50 and Figure 8.55 compare the FE results and the measured data between 
S3-5, S3-9, and S3-14 and their previous states. For the changes between S3-4 and S3-5, 
the differences between the FE results and the measured data are large, but the measured 
vertical displacements are very small. For the changes between S3-9b and S3-9 shown in 
Figure 8.52 and Figure 8.53, the FE results are similar to the test data. For the changes 
between S3-13 and S3-14 shown in Figure 8.54 and Figure 8.55, the differences between 
the measured data and the FE results are small. 
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Cross section rotation 
There are two ways to determine the cross section rotation from the LVDT data: (1) 
from two transverse LVDTs and (2) from the vertical LVDTs. These two approaches 
should give similar results if the section is rigid in plane. Table 8.13 and Table 8.14 show 
that the two approaches give different results, especially when aligning G1 and the 
interior diaphragms (between S3-9b and S3-9, and S3-13 and S3-14). At Section D, the 
bottom transverse LVDT for G1 did not function correctly. The cross section rotations are 
quite small, and some cross section distortion appears to occur resulting in the 
inconsistent data. 
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8.6  Summary of Results 
The measured data during the erection and assembly of the test specimen are 
presented, and compared to the FE results for the states during jacking to NL condition 
(between S1-0 and S1-1), as the jack forces are released to allow the girders to deflect 
under their own weight (between S1-2 and S2), and during jacking to align G1 and the 
connection of the interior diaphragms (between S3-4 and S3-5, S3-9b and S3-9, S3-13 
and S3-14). The results are as follows: 
(1) The responses during the erection and assembly of the test specimen are small. 
(2) The tube end diaphragms reduce the vertical displacements of the individual 
TFG1s. 
(3) The vertical displacements of individual TFG1s due to their own weight are 
small. 
(4) It is not difficult to install interior diaphragms for curved TFG1 bridge girder 
systems, even as the individual TFG1s carry their own weight across the span 
without temporary shoring within the span. 
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Table 8.1 Specified camber 
Location along span 
Camber 
 (inch) 
G1 G2 
0 0.00 0.00 
0.1 0.06 0.14 
0.2 0.11 0.27 
0.3 0.15 0.37 
0.4 0.17 0.43 
0.5 0.18 0.45 
0.6 0.17 0.43 
0.7 0.15 0.37 
0.8 0.11 0.27 
0.9 0.06 0.14 
1 0.00 0.00 
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Table 8.2 Process of erection and assembly of test specimen 
Event Event description States State description 
0 
Erection of each 
individual girder  
- 
Each girder is erected on bearings and the end 
diaphragms are attached 
1 
Tube end diaphragm 
installation 
S1-0 After erecting girders 
S1-1 After jacking to NL condition 
S1-2 After welding tube end diaphragms 
2 
From NL condition to 
each single girder 
deflecting under its 
own weight 
S2 
After releasing jack forces to allow each single 
girder to deflect under its own weight 
3 
Three interior 
diaphragms are 
attached to G2 
S3-0 Before applying load 
S3-1b Before attaching mid span diaphragm 
S3-1 After attaching mid span diaphragm 
S3-2b Before attaching west quarter diaphragm  
S3-2 After attaching west quarter diaphragm 
S3-3b Before attaching east quarter diaphragm 
S3-3 After attaching east quarter diaphragm 
4 
Diaphragm is 
attached to G1 at mid 
span 
S3-4b Before attaching plates to diaphragm  
S3-4 After attaching plates to diaphragm 
S3-5 After jacking to align the connection 
S3-6 After putting 4 drift pin in and 24 bolts in 
S3-7 After releasing jack forces 
S3-8 
After torqueing bolts and replacing pins with 
bolts 
5 
Diaphragm is 
attached to G1 at west 
quarter span 
S3-9b Before jacking to align the connection 
S3-9 After jacking to align the connection 
S3-10 After putting 4 drift pins in 
S3-11 After putting 24 bolts in 
S3-12 After releasing jack forces 
S3-13 
After torqueing bolts and replacing pins with 
bolts 
6 
Diaphragm is 
attached to G1 at east 
quarter span 
S3-14 After jacking to align the connection 
S3-15 After putting 4 drift pins in 
S3-16 
After putting 24 bolts in and releasing jack 
forces 
S3-17 
After torqueing bolts and replacing pins with 
bolts (final condition) 
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Table 8.3 Measurement of the tube geometric imperfections 
Location along 
span 
G1 
 (inch) 
G2 
(inch) 
Inside depth Outside depth Width Inside depth Outside depth Width 
0 8.450 8.116 11.708 8.328 8.16 11.746 
1/8 8.508 8.154 11.658 8.347 8.19 11.710 
2/8 8.506 8.144 11.661 8.336 8.188 11.692 
3/8 8.509 8.153 11.646 8.334 8.165 11.700 
4/8 8.506 8.157 11.642 8.499 8.123 11.678 
5/8 8.295 8.156 11.739 8.516 8.166 11.618 
6/8 8.370 8.183 11.682 8.513 8.167 11.616 
7/8 8.343 8.184 11.685 8.509 8.184 11.609 
1 8.325 8.157 11.689 8.501 8.124 11.633 
 
 
 
Table 8.4 Expected forces needed to jack each girder to NL condition 
Jack-up locations 
Forces 
 (kip) 
G1 G2 
West quarter span (B) 1.79 2.36 
Mid span (C) 1.73 2.30 
East quarter span (D) 1.79 2.36 
 
 
 
Table 8.5 Forces applied to jack each girder to NL condition 
Jack-up locations 
Forces 
 (kip) 
G1 G2 
West quarter span (B) 1.65 2.32 
Mid span (C) 1.83 2.31 
East quarter span (D) 1.77 2.35 
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Table 8.6 Comparison of total jack forces and girder weight 
Girder 
Total jack force 
(kip) 
Estimated girder weight 
(kip) 
G1 5.25 7.10 
G2 6.97 9.32 
 
 
 
Table 8.7 Jack forces to align connection of interior diaphragms 
States 
Jack force 
(kip) 
Direction 
During S3-4 and S3-5 1.2 In radial direction 
During S3-9b and S3-9 2.3 In vertical direction 
During S3-13 and S3-14 2.2 In vertical direction 
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Table 8.8 Normal strain changes between adjacent states at bottom web of G1 for Event 3 
through Event 6 
States compared to the 
previous states 
At the bottom web of G1 
 (micro-strain) 
B C D 
West East West East West East 
S3-0 - - - - - - 
S3-1b - - - - - - 
S3-1 0.5 1.0 0.4 0.6 1.1 0.9 
S3-2b - - - - - - 
S3-2 -0.4 -0.6 -0.2 -0.1 -0.3 -0.3 
S3-3b - - - - - - 
S3-3 0.6 0.7 0.9 0.7 0.1 0.1 
S3-4b - - - - - - 
S3-4 0.0 0.0 0.0 0.0 0.0 0.0 
S3-5 -3.1 -3.3 -3.2 -3.0 -3.1 -3.1 
S3-6 0.1 0.2 -0.7 -0.8 0.3 0.4 
S3-7 -0.3 -0.3 -0.1 0.0 -0.2 -0.3 
S3-8 -0.1 -0.8 -1.1 -0.6 -0.8 -0.7 
S3-9b - - - - - - 
S3-9 13.8 16.9 4.5 3.8 1.6 1.5 
S3-10 -1.4 -2.6 0.1 -0.1 0.2 0.2 
S3-11 0.6 0.2 -0.1 -0.2 -0.3 -0.3 
S3-12 0.7 -0.5 0.0 0.0 0.0 0.0 
S3-13 -0.8 -1.4 -1.3 -1.2 -1.0 -0.4 
S3-14 1.4 1.4 3.1 3.7 8.3 13.2 
S3-15 -1.4 -1.4 -1.1 -1.4 2.3 -2.4 
S3-16 0.4 0.7 0.2 0.5 -1.3 -1.0 
S3-17 -0.9 -1.2 -0.9 -0.9 -2.4 0.0 
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Table 8.9 Normal strain changes between adjacent states at bottom web of G2 for  
Event 3 through Event 6 
States compared to the 
previous states 
At the bottom web of G2  
(micro-strain) 
B C D 
West East West East West East 
S3-0 - - - - - - 
S3-1b - - - - - - 
S3-1 0.5 0.7 1.4 1.4 1.2 1.1 
S3-2b - - - - - - 
S3-2 0.1 0.2 0.3 0.2 0.0 0.1 
S3-3b - - - - - - 
S3-3 0.6 0.8 1.4 1.4 1.8 -2.7 
S3-4b - - - - - - 
S3-4 0.0 0.0 0.0 0.0 0.0 0.0 
S3-5 3.3 2.8 3.4 3.2 3.4 3.3 
S3-6 0.9 0.9 0.9 0.4 0.1 0.3 
S3-7 -0.1 -0.1 -0.1 -0.2 0.2 0.2 
S3-8 -0.6 -0.5 -1.1 -1.4 -0.9 -0.5 
S3-9b - - - - - - 
S3-9 -9.2 -10.4 -2.1 -3.6 -2.1 -2.0 
S3-10 1.4 1.5 -0.5 -0.7 -0.7 -0.4 
S3-11 -0.3 -0.3 0.0 -0.3 0.0 -0.1 
S3-12 0.0 -0.1 0.0 0.0 -0.2 -0.1 
S3-13 -1.0 -1.0 -1.0 -1.0 -0.9 -0.9 
S3-14 -1.2 -1.3 -2.5 -2.1 -7.2 -7.4 
S3-15 0.3 0.4 0.5 0.1 0.2 0.5 
S3-16 -0.2 -0.5 -0.7 -0.6 0.3 0.2 
S3-17 -0.7 -0.7 -0.7 -0.6 -0.7 -0.4 
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Table 8.10 Normal strain changes between adjacent states at tubular top flange and top 
web at mid span for G1 for Event 3 through Event 6 
States 
compared to 
the previous 
states 
G1 
 (micro-strain) 
West East 
Inside 
tube 
Outside 
tube 
Top 
web 
Inside 
tube 
Outside 
tube 
Top 
web 
S3-0 - - - - - - 
S3-1b - - - - - - 
S3-1 1.6 0.2 -0.1 1.4 0.7 1.0 
S3-2b - - - - - - 
S3-2 0.0 -1.3 -1.6 0.2 -1.4 -1.2 
S3-3b - - - - - - 
S3-3 0.0 3.8 2.6 0.6 3.7 2.6 
S3-4b - - - - - - 
S3-4 0.0 0.0 0.0 0.0 0.0 0.0 
S3-5 59.5 -55.8 -3.7 61.1 -55.6 -1.7 
S3-6 0.1 0.3 -1.8 0.4 0.0 -2.1 
S3-7 -4.1 -0.9 0.7 -5.3 -1.1 -0.4 
S3-8 -1.5 -6.1 -3.3 -3.7 -2.1 -8.1 
S3-9b - - - - - - 
S3-9 10.2 -19.3 -3.7 11.5 -19.5 -3.4 
S3-10 -1.8 0.0 1.1 0.2 -2.1 1.0 
S3-11 4.1 -4.8 -0.5 4.2 -4.9 -0.7 
S3-12 -0.2 0.2 -0.1 -0.2 0.1 0.2 
S3-13 -0.9 -3.9 -2.3 -0.4 -3.8 -2.8 
S3-14 -3.2 -2.7 -2.3 -4.0 -3.7 -2.2 
S3-15 -11.1 11.3 -0.3 -10.9 11.2 -0.4 
S3-16 -6.9 6.1 1.4 -6.9 6.9 1.0 
S3-17 -1.5 -0.2 -3.6 -1.8 -0.4 -4.3 
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Table 8.11 Normal strain changes between adjacent states on tubular top flange and top 
web at mid span for G2 for Event 3 through Event 6 
States 
compared to 
the previous 
states 
G2  
(micro-strain) 
West EAST 
Inside 
tube 
Outside 
tube 
Top 
web 
Inside 
tube 
Outside 
tube 
Top 
web 
S3-0 - - - - - - 
S3-1b - - - - - - 
S3-1 2.7 -5.4 -0.7 3.7 -5.9 -0.6 
S3-2b - - - - - - 
S3-2 -0.9 -1.5 -1.4 -1.0 -1.7 -1.5 
S3-3b - - - - - - 
S3-3 -3.8 3.4 1.5 -3.8 3.1 1.1 
S3-4b - - - - - - 
S3-4 0.0 0.0 0.0 0.0 0.0 0.0 
S3-5 -27.9 27.3 -0.5 -25.2 27.3 0.1 
S3-6 11.5 -18.5 -4.7 12.4 -18.5 -4.6 
S3-7 -0.8 -1.3 0.4 -1.7 -2.5 0.0 
S3-8 -0.2 -2.5 -3.9 -1.7 -2.5 -4.0 
S3-9b - - - - - - 
S3-9 37.6 -30.1 -1.3 31.2 -30.2 -1.2 
S3-10 -18.7 18.5 0.3 -18.5 19.6 -0.1 
S3-11 -2.4 2.0 -0.3 -2.9 2.2 0.0 
S3-12 -0.2 0.3 0.1 0.0 0.4 0.0 
S3-13 -0.7 -1.9 -2.0 -0.8 -2.1 -1.8 
S3-14 35.5 -32.8 -0.7 36.8 -33.7 -0.8 
S3-15 10.4 -10.6 -0.2 9.0 -10.0 -0.3 
S3-16 -2.9 4.0 0.5 -2.5 3.5 0.6 
S3-17 -0.2 -0.8 -20.7 -0.7 -1.5 -14.4 
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Table 8.12 Vertical displacement changes between adjacent states for both girders from  
Event 3 through Event 6 
States compared to the 
previous states 
G1  
(inch) 
G2 
 (inch) 
B C D B C D 
S3-0 - - - - - - 
S3-1b - - - - - - 
S3-1 -0.003 0.0000 -0.001 -0.005 -0.0070 -0.006 
S3-2b - - - - - - 
S3-2 0.002 -0.0001 0.001 0.000 0.0005 0.001 
S3-3b - - - - - - 
S3-3 -0.003 0.0001 -0.003 -0.007 -0.0116 -0.014 
S3-4b - - - - - - 
S3-4 0.000 0.0000 0.000 0.000 0.0004 0.000 
S3-5 -0.035 -0.0029 -0.042 0.038 0.0548 0.049 
S3-6 0.000 0.0002 0.000 0.001 0.0022 0.002 
S3-7 0.000 0.0003 0.000 -0.006 -0.0093 -0.008 
S3-8 0.000 -0.0001 0.000 0.011 0.0179 0.014 
S3-9b - - - - - - 
S3-9 0.051 0.0017 0.030 0.078 0.0707 0.044 
S3-10 -0.025 0.0002 -0.009 0.006 0.0101 0.009 
S3-11 0.002 0.0000 0.001 0.003 0.0035 0.002 
S3-12 0.000 0.0000 0.000 0.000 0.0002 0.000 
S3-13 0.003 -0.0001 0.007 0.005 0.0092 0.006 
S3-14 0.019 0.0005 0.034 0.030 0.0571 0.089 
S3-15 0.001 -0.0004 -0.003 0.000 0.0011 -0.001 
S3-16 -0.004 0.0001 -0.013 0.005 0.0080 0.010 
S3-17 0.000 -0.0001 -0.132 0.000 0.0027 0.001 
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Table 8.13 Cross section rotation changes between adjacent states for G1 from  
Event 3 through Event 6 
States 
compared 
to the 
previous 
states 
G1 
Section B Section C Section D 
Based on 
transverse 
LVDTs 
Based on 
vertical 
LVDTs 
Based on 
transverse 
LVDTs 
Based on 
vertical 
LVDTs 
Based on 
transverse 
LVDTs 
Based on 
vertical 
LVDTs 
S3-0 - - - - - - 
S3-1b - - - - - - 
S3-1 - -0.0003 0.0000 0.0000 - 0.0000 
S3-2b - - - - - - 
S3-2 - 0.0001 -0.0001 0.0000 - 0.0000 
S3-3b - - - - - - 
S3-3 0.0000 -0.0001 0.0001 0.0001 - 0.0000 
S3-4b - - - - - - 
S3-4 0.0000 0.0000 0.0000 0.0000 - 0.0000 
S3-5 -0.0009 0.0001 -0.0029 0.0006 - -0.0012 
S3-6 -0.0001 -0.0002 0.0002 0.0058 - 0.0000 
S3-7 0.0002 0.0000 0.0003 -0.0006 - 0.0003 
S3-8 0.0001 -0.0002 -0.0001 -0.0002 - 0.0002 
S3-9b - - - - - - 
S3-9 0.0015 0.0018 0.0017 -0.0001 - 0.0004 
S3-10 -0.0020 -0.0031 0.0002 -0.0002 - 0.0000 
S3-11 0.0001 0.0000 0.0000 0.0000 - 0.0000 
S3-12 0.0000 0.0000 0.0000 0.0000 - 0.0000 
S3-13 0.0001 -0.0003 -0.0001 0.0000 - 0.0002 
S3-14 0.0001 -0.0001 0.0005 -0.0002 - 0.0011 
S3-15 0.0000 0.0004 -0.0004 0.0000 - 0.0001 
S3-16 0.0001 0.0002 0.0001 -0.0002 - -0.0017 
S3-17 0.0000 -0.0001 -0.0001 0.0000 - -0.0240 
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Table 8.14 Cross section rotation changes between adjacent states for G2 from  
Event 3 through Event 6 
States 
compared 
to the 
previous 
states 
G2 
Section B Section C Section D 
Based on 
transverse 
LVDTs 
Based on 
vertical 
LVDTs 
Based on 
transverse 
LVDTs 
Based on 
vertical 
LVDTs 
Based on 
transverse 
LVDTs 
Based on 
vertical 
LVDTs 
S3-0 - - - - - - 
S3-1b - - - - - - 
S3-1 -0.0001 -0.0001 -0.0003 -0.0003 -0.0001 -0.0003 
S3-2b - - - - - - 
S3-2 -0.0001 -0.0001 -0.0001 -0.0001 0.0000 0.0000 
S3-3b - - - - - - 
S3-3 0.0000 -0.0001 -0.0002 -0.0001 -0.0006 -0.0013 
S3-4b - - - - - - 
S3-4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
S3-5 0.0008 0.0007 0.0012 0.0013 0.0009 0.0027 
S3-6 -0.0002 -0.0002 -0.0006 -0.0006 -0.0001 0.0000 
S3-7 -0.0001 -0.0001 -0.0003 -0.0003 -0.0001 -0.0005 
S3-8 -0.0002 0.0000 -0.0001 0.0000 -0.0001 0.0005 
S3-9b - - - - - - 
S3-9 0.0069 0.0099 0.0007 0.0003 0.0002 0.0017 
S3-10 0.0001 0.0005 0.0003 0.0003 0.0002 0.0006 
S3-11 0.0002 0.0004 0.0000 0.0000 0.0000 0.0001 
S3-12 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
S3-13 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 
S3-14 0.0001 -0.0001 0.0006 0.0003 0.0055 0.0112 
S3-15 0.0000 0.0001 0.0000 0.0000 -0.0002 -0.0003 
S3-16 0.0001 0.0001 0.0002 0.0002 0.0003 0.0008 
S3-17 0.0000 0.0001 0.0000 0.0000 0.0000 0.0001 
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Figure 8.1 Offset of tubes at a splice due to differences in tube geometry 
 
 
 
Figure 8.2 Tubular splice after welding with offset removed by weld reinforcement and 
grinding 
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(a) 
 
 
(b) 
Figure 8.4 Crane to lift girders 
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Figure 8.5 Temporary bearings of test setup 
 
 
 
Figure 8.6 Placing girder on temporary bearings 
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Figure 8.7 Temporary brace before end diaphragm installed 
 
 
 
Figure 8.8 Temporary brace 
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Figure 8.9 Two single girders with only end diaphragms (note missing tube end 
diaphragms) 
 
 
 
 
 
 
 
Figure 8.10 Strain gage locations 
Jack 
West quarter 
Mid span East quarter 
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Figure 8.12 Strain gages on G1 
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Figure 8.13 Strain gages on G2 
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Figure 8.14 LVDT locations  
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Figure 8.15 Notation  
 
523 
 
Figure 8.16 Vertical displacements along span of G1 with and without tube end 
diaphragms under individual girder weight from Model-D1 
 
 
 
Figure 8.17 Vertical displacements along span of G2 with and without tube end 
diaphragms under individual girder weight from Model-D1
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Figure 8.18 Jack to NL condition 
 
 
 
Figure 8.19 Installed and welded tube end diaphragm 
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Figure 8.20 Diaphragm attached to G2 
  
 
 
Figure 8.21 Diaphragm connecting two girders 
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Figure 8.22 Jack to align diaphragm connection 
 
 
 
Figure 8.23 Two girders connected by diaphragms 
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Figure 8.26 Normal strain at bottom web of G1 between S1-0 and S1-1  
 
 
 
Figure 8.27 Normal strain at bottom web of G2 between S1-0 and S1-1  
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Figure 8.28 Vertical displacements of G1 between S1-0 and S1-1 
 
 
 
Figure 8.29 Vertical displacements of G2 between S1-0 and S1-1 
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Figure 8.30 Cross section rotation of G1 between S1-0 and S1-1 
 
 
 
Figure 8.31 Cross section rotation of G2 between S1-0 and S1-1 
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Figure 8.32 Normal strain at bottom web of G1 between S1-2 and S2  
 
 
 
Figure 8.33 Normal strain at bottom web of G2 between S1-2 and S2  
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Figure 8.34 Vertical displacements of G1 between S1-2 and S2 
 
 
 
Figure 8.35 Vertical displacements of G2 between S1-2 and S2 
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Figure 8.36 Cross section rotation of G1 between S1-2 and S2 
 
 
 
Figure 8.37 Cross section rotation of G2 between S1-2 and S2
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Figure 8.38 Normal strain in bottom web of G1 between S3-4 and S3-5  
 
 
 
Figure 8.39 Normal strain in bottom web of G2 between S3-4 and S3-5 
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Figure 8.40 Normal strain in bottom web of G1 between S3-9b and S3-9 
 
 
 
Figure 8.41 Normal strain in bottom web of G2 between S3-9b and S3-9 
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Figure 8.42 Normal strain in bottom web of G1 between S3-13 and S3-14 
 
 
 
Figure 8.43 Normal strain in bottom web of G2 between S3-13 and S3-14  
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Figure 8.44 Normal strain on tubular flange and in top web of G1 between S3-4 and S3-5  
 
 
 
Figure 8.45 Normal strain on tubular flange and in top web of G2 between S3-4 and S3-5 
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Figure 8.46 Normal strain on tubular flange and in top web of G1 between S3-9b and 
S3-9 
 
 
 
Figure 8.47 Normal strain on tubular flange and in top web of G2 between S3-9b and 
S3-9 
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Figure 8.48 Normal strain on tubular flange and in top web of G1 between S3-13 and 
S3-14 
 
 
 
Figure 8.49 Normal strain on tubular flange and in top web of G2 between S3-13 and 
S3-14 
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Figure 8.50 Vertical displacements of G1 between S3-4 and S3-5 
 
 
 
Figure 8.51 Vertical displacements of G2 between S3-4 and S3-5 
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Figure 8.52 Vertical displacements of G1 between S3-9b and S3-9 
 
 
 
Figure 8.53 Vertical displacements of G2 between S3-9b and S3-9 
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Figure 8.54 Vertical displacements of G1 between S3-13 and 3-14 
 
 
 
Figure 8.55 Vertical displacements of G2 between S3-13 and 3-14 
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Chapter 9:   Test Results and Comparison with Analytical 
Results 
9.1  Introduction 
In this chapter, the data from tests on the test specimen described in Chapter 7 are 
presented and compared with analytical results from FE models. The details of the test 
setup, loading fixtures, instrumentation, and loading equipment and control are described 
in the report by Sause et al. (2014). Section 9.2 summarizes briefly the test data. The 
comparisons between the test data and FE analysis results are presented in Section 9.3. 
The FE analysis results are developed from FE Model-D4, which is introduced in Section 
3.3. More detailed information about Model-D4 is given in Section 9.3. Section 9.4 
presents a summary of the comparisons.  
9.2  Test Data 
Test setup  
To determine the kinematics of the test specimen and loading fixtures, different 
loading conditions were studied using the FE analyses with Model-D2, described in 
Section 3.3. The studies show that a set of uniformly spaced concentrated loads can 
produce a response similar to that of a uniformly distributed load. Therefore, seven 
loading fixtures (Sause et al., 2014) located in seven parallel planes (shown in Figure 9.1) 
were chosen to load the test specimen with 14 concentrated loads.  Seven of the loads 
were applied onto G1 and seven of loads were applied onto G2 (Sause et al., 2014). 
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Test procedure 
The experiment considered two different loading conditions: (1) elastic loading, and 
(2) inelastic loading. The elastic loading tests simulated the factored Constructibility limit 
state loading condition, which is within the expected elastic range of the test specimen. 
Three cycles of elastic loading and unloading were conducted. The effect of residual 
stresses within the elastic loading range was eliminated in the first cycle of loading and 
unloading (Sause et al., 2014).  
The inelastic loading test pushed the test specimen up to and beyond the maximum 
load capacity. Table 9.1 shows the inelastic test loading plan. Load step 1 to 6 represent 
loading in the elastic range. Mid span south load denotes the load applied near Section A 
(mid span) of G1, and mid span north load denotes the load applied near Section A of G2. 
Note that these loads are not the forces applied to G1 and G2. These are forces within the 
test fixtures. The total force applied to G1 and G2 are equal to the sum of these forces, 
but the actual force applied to G2 is about 5% larger than the force applied to G1. Load 
steps 7 to 14 represent loading in the inelastic range up to the maximum load capacity of 
the test specimen at load step 14. Load steps 15 to 17 represent post peak loading 
conditions. Force control was used in phase I for load step 1 to 11, and a mixed control 
plan of force control and displacement control was implemented in phase II for load step 
12 to 17 (Sause et al., 2014). The mid span south load was the target load used for phase I 
(force control) in the tests, and the loads at the other locations were intended to be the 
same as the mid span south load. The vertical displacement at Section A of G1 was the 
target displacement used for phase II (displacement control) in the tests, and the loads at 
the other locations were intended to be the same as the mid span south load. The total 
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applied force should be equal to 14 times the target load at the mid span south load. 
However, due to friction in the hydraulic loading systems, the loads at mid span (closest 
to the pumps) were larger than forces at the other locations. The forces applied at each 
location were measured and are given by Sause et al. (2014). 
A zero reference point was established just before the tests were started, after the 
loading fixtures were completely assembled. In this condition, the self-weight of the test 
specimen and the superimposed dead load of the loading fixtures, were applied to the test 
specimen. This initial force acting on the test specimen at the start of the tests is called 
the “total dead load” on the test specimen. The “applied force” described in the following 
discussion is the force applied during the test, which is in addition to the total dead load. 
Test data 
The vertical displacements and lateral displacements of the test specimen were 
determined from various transducers. The normal strains were determined from strain 
gauges. The details are described in the report by Sause et al. (2014). Figure 9.2 and 
Figure 9.3 show the total applied force versus the vertical displacement at mid span 
(Section A) of G1 and G2 during the inelastic test. In the figures, the modified elastic 
limit is the total applied force corresponding to the calculated elastic limit minus the total 
dead load (self-weight of the test specimen and the superimposed dead load of the 
loading fixtures). 
The total primary bending moment at mid span of G1 and G2 was calculated from 
the applied forces and the reaction forces at the bearings using static analysis. The 
primary bending moment at mid span of G1 was obtained from strain gauges arranged in 
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full bridges in G1. It is important to note that G1 remained essentially linear elastic 
during the inelastic test. The primary bending moment at mid span of G2 (which was 
inelastic during the test) was then calculated from the total primary bending moment at 
mid span minus the primary bending moment at mid span of G1. 
Local buckling of the tubular flange of G2 occurred after the mid span section 
yielded. The local buckling occurred between parallel planes A and BE (Figure 9.1), at a 
location about 50 inch east from mid span and 3.5 inch east from the location of a welded 
splice between the tube sections. Figure 9.4 is a photograph of the local buckling of the 
tubular flange of G2 seen from the outside of the horizontal curvature. Figure 9.5 and 
Figure 9.6 show the top view and bottom view of the buckled region of the test specimen.    
Actual load step 14 is the corresponding load step for the maximum load capacity. At 
this load step, the total force acting on the test specimen is 260 kips (the total dead load is 
included). The total primary bending moment carried by G2 about the radial axis at mid 
span is 22800 kip-inch.  
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9.3  Comparisons between Test Data and FE Analytical Results 
9.3.1  FE models 
Model D-4 was used for the finite element (FE) analysis of the test specimen. Model-
D4 is discussed briefly in Section 3.3. The material property and geometric imperfection 
data used in Model-D4 were based on tensile coupon test results and measured geometric 
imperfections described in this section. 
Material properties 
Several pieces of tube, web plate, and bottom flange plate were cut and removed 
from the inside girder (G1) and the outside girder (G2) as shown in Figure 9.7. At the 
locations of these pieces in the test specimen, yielding of the steel did not occur during 
the tests. Since the top tube of G2 was composed of two lengths of tubes spliced together 
in the fabrication shop (see Section 4.3), two pieces of the G2 tube, identified as Tube1 
and Tube2, were cut near the west end and the east end of G2, respectively. The bottom 
flange and web of G1 and G2 were fabricated without splices. Therefore, one piece of the 
bottom flange plate (Flange2) and one piece of the web plate (Web2) of G2 were cut near 
section DE. For G1, one piece of the bottom flange plate (Flange1) and one piece of the 
web plate (Web1) were cut near section DE. Tensile coupons were machined from these 
pieces by Laboratory Testing, Inc. Six coupons were made for each piece of tube, and 
two coupons were made for each piece of web plate and bottom flange plate. Figure 9.7 is 
a side view of the different tensile test coupons. Figure 9.8 is a plan view of a typical 
tensile test coupon.  
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 The engineering stress-strain curves were obtained from the tensile coupon tests. 
The static yield stress, ultimate strength, and ultimate strain were determined based on 
SSRC Technical Memorandum No.7: Tension Testing (Ziemian, 2010). Table 9.2 and 
Figure 9.9 summarize the stress-strain results. The results in the table are the averaged 
results from the coupons for each piece of tube and bottom flange plate. Since the two 
girders have the same web thickness, the results for the web are the averaged results of all 
the tensile coupons for the two pieces of webs (Web1 and Web2). Table 9.2 gives 
engineering stress and strain values. The data shown in Figure 9.9 assumes that the 
relationship between stress and strain is linear between the data points.  After the ultimate 
strength is reached, the stress-strain relationship is assumed to be perfectly plastic. The 
results in Table 9.2 and Figure 9.9 were transformed into true stress and true strain for 
input to Model-D4. 
Geometric imperfections 
As discussed in Section 8.3, the tubular top flange of each girder (G1 and G2) was 
made of two lengths of tube with splices, denoted the west tube and east tube. Figure 9.10 
shows the notation used to describe the cross section dimension of these tubes. A 
preliminary measurement of the west tube and east tube geometry was made for each 
girder, as shown in Table 9.3 and Table 9.4. The radial plane sections used in these tables 
to indicate the locations are shown in Figure 9.1. Between Section BW and Section BE of 
G2, more detailed measurements of the tube dimensions were made because this is the 
region where the local buckling (after yielding) was observed in the inelastic test. These 
measurements are given in Table 9.5. Based on observations and these measurements, the 
geometric imperfections of the tubes for each girder are modelled as follows: 
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For G1: 
G1 did not yield during the tests (based on the test results and the FE analysis), so 
the dimensions of the tube used in Model-D4 were the average of the dimensions of nine 
sections along the span given Table 9.3. The bottom width of the tube is taken to be the 
same as the top width. The thickness is 0.349 inch. The model for the dimensions of tube 
for G1 is denoted by S-G1 as shown in Figure 9.11. Note that the nominal dimensions of 
the tube of G1 are 8 inch in depth, and 12 inch in width. The dimensions used for S-G1 
are 8.42 in deep on the inside tube wall, 8.05 inch deep on the outside tube wall, and 
11.68 inch wide. The difference between the nominal dimensions and S-G1 are the only 
imperfection included for G1. The nominal dimensions of the web and the bottom plate 
flange, as given in Chapter 7, were used in Model-D4.  
For G2:  
(1) The west tube and east tube have different shapes as shown in Table 9.4 and 
Table 9.5. The splice of the tubular flange of G2 is between Section A and 
Section BE. Thus the tubular flange of G2 was considered into three parts 
(Figure 9.11) including: (i) the part of the west tube between Section R-EW 
and Section A, which has a model for the tube dimensions denoted by “S-G2-
A”; (ii) the spliced tube between Section A and Section G2BE-3 (see Figure 
9.12); and (iii) the part of east tube between Section G2BE-3 and Section R-EE, 
which has a model for the tube dimensions denoted by “S-G2-B”.  
(2) The dimensions of the inside depth, outside depth, and top width of tube model 
S-G2-A are the averaged dimensions in Table 9.4 from Section R-EW to 
Section A. The dimensions of the bottom width of tube model S-G2-A are the 
550 
 
averaged dimensions in Table 9.4 from Section G2BW-1 to Section G2BW-3. 
The thickness is 0.349 inch. Out-of-flatness is not included in tube model S-
G2-A. The dimensions of tube model S-G2-A are shown in Table 9.6. 
(3) The dimensions of the inside depth, outside depth, and top width of tube model 
S-G2-B are the averaged dimensions in Table 9.4 and Table 9.5 from Section 
G2BE-3 to Section R-EE. The dimensions of the bottom width of tube model 
S-G2-B are the averaged dimensions in Table 9.4 from Section G2BE-3 to 
Section G2BE-4. The thickness is 0.349 inch. No out-of-flatness is included in 
tube model S-G2-B. The dimensions of tube model S-G2-B are shown in Table 
9.6. 
(4) The model for the tube section dimensions at the splice, that is, at section R-S 
in Figure 9.12, is denoted by “S-G2-C”. The tube dimensions used for tube 
Model S-G2-C are those of Section G2BE-2. Note that the splice in the tubular 
flange of G2 was located 45 inch east of Section A, so Section G2BE-2 is 4 
inch east of the splice. A linear interpolation method was used to estimate the 
tube dimensions (tube model S-G2-1) between Section A (where tube model S-
G2-A is used as shown in Figure 9.11 and Figure 9.12) and Section R-S (where 
tube model S-G2-C is used as shown in Figure 9.11 and Figure 9.12). Similarly, 
a linear interpolation method was used to estimate the tube dimensions (tube 
model S-G2-2) between Section R-S (tube model S-G2-C) and Section G2BE-
3 (tube model S-G2-B). Except one row of elements on each side of the splice 
(at Section R-S), the tube models between Section A and Section G2BE-3 have 
the same thickness of 0.349 inch. Out-of-flatness is included in tube models S-
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G2-1 and S-G2-2 with values as shown in Table 9.5 (i.e., the out-of-flatness is 
interpolated with the dimensions). 
(5) Several samples were cut and removed from the buckled region of G2 to 
measure the alignment and thickness error as shown in Figure 9.13. Figure 
9.15 shows the notation used for the thickness. This thickness data was used in 
the model for the elements of the tube of G2 adjacent to the splice. Figure 9.14 
shows the sample removed from the outside wall of the tube. Table 9.7 shows 
the thickness data obtained from the samples cut from the buckled region of 
G2; 
(6) The nominal dimensions of the web and the bottom flange, as given in Chapter 
7, were used in Model-D4. 
Loads 
The forces applied to the test specimen include the primary vertical forces from the 
test fixtures, as well as small transverse forces (in the parallel plane direction shown in 
Figure 9.1), and small bending moments about the longitudinal axis (Sause et al., 2014). 
The loads input to Model-D4 include the forces measured from load step 1 to load step 14 
(the maximum load). The force pattern used in Model-D4 after the maximum load is 
reached is the same as the force pattern between load steps 13 and 14. 
The FE results and test data are compared based on the forces applied during the 
tests. Therefore, the data compared do not include the response due to the self weight of 
the test specimen and the superimposed dead load of the loading fixtures (denoted by the 
total dead load) unless stated.  
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9.3.2  Vertical displacements 
Figure 9.16 shows the total applied force versus the vertical displacement at mid 
span of G2 using Model-D3 and Model-D4. Note that Model-D3 (used for pretest 
prediction) has material properties based on the mill reports (Section 3.3.2), but Model-
D4 has material properties from tests of tensile coupons taken from the test specimen. 
Before the total applied force reaches the force level from the previous elastic loading 
tests, the results from Model-D3 and Model-D4 are similar to the results from the test. 
Several cycles of loading during the elastic loading range were conducted, and the effect 
of residual stresses was eliminated within the elastic loading range. During the loading 
that pushes the test specimen beyond the elastic loading range up to and beyond the 
maximum load capacity, the results from Model-D3 and Model-D4 are stiffer than the 
test data. One likely reason for the differences between the FE results and test data is the 
effect of the residual stresses in the girders, which was not included in the FE model 
results that are shown, and is discussed later in Section 9.3.8. Model-D3 has a larger 
maximum load capacity than Model-D4, and the difference is due mainly to the 
geometric imperfections of the tubes near the splice location in G2. It is worth noting that 
the pattern of forces in Model-D3 (used for pretest prediction) is different than that in 
Model-D4, also discussed later, and the yield stresses used in Model-D3 are based on the 
mill reports and are not the measured yield stresses. These differences are not the main 
reason for the different maximum load capacities of Model-D3 and Model-D4. Model-D4 
is used for most of the remaining analyses. 
Figure 9.17 through Figure 9.22 show the total applied force versus the vertical 
displacement of G2 for different intermediate locations along the span. The locations are 
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shown in Figure 9.1. Before the total applied force reaches the force level from the 
previous elastic loading tests, the FE results are similar to the results from the test. As 
noted earlier, several cycles of loading during the elastic loading range were conducted, 
and the effect of residual stresses was eliminated within the elastic loading range. During 
the loading that pushes the test specimen beyond the elastic loading range up to and 
beyond the maximum load capacity, the FE results are stiffer than the test data. One likely 
reason for the differences between the FE results and test data is the effect of the residual 
stresses in the girders, which was not included in the FE model and is discussed later in 
Section 9.3.8. In Figure 9.17 through Figure 9.22, the modified elastic limit is the total 
applied force corresponding to the calculated elastic limit minus the total dead load (self 
weight of the test specimen and the superimposed dead load of the loading fixtures). 
 Figure 9.23 through Figure 9.29 show the total applied force versus the vertical 
displacement of G1 for different intermediate locations along the span. It is observed that 
the FE results match the test data closely within the elastic loading range. During loading 
beyond the elastic range, the FE results are stiffer than the test data. The likely reason is 
the same as discussed above.  
9.3.3  Primary bending moment  
The critical section for flexure is located at mid span of G2. From the FE analysis 
results of Model-D4, the primary bending moment at mid span of G2 was obtained by 
integrating the stresses on the mid span cross section.  
Figure 9.30 and Figure 9.31 show the modified total primary bending moment at mid 
span of G1 and G2 versus the total applied force. A linear relationship is expected when 
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the loading is a proportional loading. The results from Model-D4 and the test results are 
similar, but Model-D3 (used for pretest prediction) has a smaller primary bending 
moment compared to Model-D4 and the test data at the same load level. The small 
difference is due to the different force pattern between Model-D3 and the actual force 
pattern applied to the test specimen. The test data and Model-D4 are based on actual 
measured forces while Model-D3 has uniform values for the concentrated applied forces.  
Figure 9.32 shows the modified primary bending moment at mid span of G2 versus 
the total applied force. In the figures, four horizontal lines represent the following: My is 
the calculated primary bending moment which causes the cross section of G2 to start 
yielding. My1 is the primary bending moment at mid span of G2 under the yield limit load 
based on Model-D3 (the primary bending moment which causes initial yielding of G2 in 
Model-D3 including the effect of flange lateral bending). My2 is the primary bending 
moment at mid span of G2 under the yield limit load based on Model-S (the primary 
bending moment which causes initial yielding of G2 in Model-S including the effect of 
flange lateral bending). The yield limit load based on Model-S corresponds to the load at 
which the stress demand from Model-S makes the left side and the right side of Equation 
4.1 equal. Mbuc is the primary bending moment at mid span of G2 when the factored 
Constructibility limit state load is applied in Model-S. In the figures, “modified” is added 
to indicate that the calculated primary bending moment induced by the total dead load is 
subtracted from My, My1, My2, and Mbuc. The figure shows a nearly linear relationship 
between the moment and total applied force. A linear relationship is expected when the 
loading is a proportional loading, G1 has linear behavior, and second order effects do not 
increase the primary bending moment.  
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Figure 9.33 shows the relationship between the modified primary bending moment 
and vertical displacement at mid span of G2. Figure 9.33 shows that substantial yielding 
of the mid span cross section is expected. The FE results are close to the test data. This 
close agreement before Mbuc is reached is related to the reduction of the residual stress 
effect from the previous loading of the test specimen in the elastic loading range. As the 
test specimen was loaded beyond the elastic loading range, the vertical displacements 
from the test are larger, likely due to residual stresses. 
Figure 9.35 and Figure 9.36 compare the FE results and test data (at load step 6) for 
the modified primary bending moment diagram along the spans of G1 and G2, 
respectively. The primary bending moment from the FE analysis was obtained by 
integrating the stresses at two sections between every two consecutive parallel planes 
(where the parallel planes are shown in Figure 9.1). Then, linear extrapolation was used 
to find the primary bending moment at the two corresponding parallel plane sections. The 
primary bending moment within the small length between the interior diaphragms (on 
radial planes R-CE and R-CW) and the location of the applied load in parallel planes CE 
and CW is not included in the figures.   
Figure 9.29 and Figure 9.30 include limited test data for the moment diagram at 
actual load step 6. For G1 (Figure 9.26), the test data is shown for the full bridge 
locations and where the primary bending moment could be determined from individual 
strain gages. The FE results for G1 are approximately 15% larger than the test data over 
the entire span. The difference in modified primary bending moment near mid span is 
approximately 400 kip-inch. Compared to the total modified primary bending moment at 
mid span (total for both girders), which is approximately 12500 kip-inch, this difference 
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is less than 3%. For G2 (Figure 9.27), the test data is shown for a few locations between 
Section A and Section BW (obtained from individual strain gages) and west of Section 
DW and east of Section DE (obtained from full bridges). The FE results for G2 are very 
close to the test data. 
9.3.4  Lateral displacements 
For each girder, the mid span has largest lateral displacement (displacement in the 
parallel direction), so this data is presented. Figure 9.36 and Figure 9.37 show the total 
applied force versus the lateral displacement at the center of the bottom flange at mid 
span for each girder. The lateral displacements from the inelastic loading test were 
calculated from the measured vertical and inclined displacement transducers (Sause et al., 
2014). The test data shows that the bottom flange always moved toward the outside of the 
horizontal curvature. During the elastic loading, especially when the total applied load is 
very small, the center of the bottom flange in the FE model (Model-D4) moves toward 
the inside of the horizontal curvature, apparently because of the cross section rotation. 
The initial movement toward the outside of the test specimen shown in the test data may 
be due to geometric imperfections that were not included in the FE model.  
9.3.5  Cross section rotations 
Inclinometers were arranged at each stiffener to measure the rotation of the cross 
section. Figure 9.38 through Figure 9.51 compare the FE results and test data for cross 
section rotation for each stiffener and girder. The data is plotted as total applied force 
versus cross section rotation. During the elastic loading range, the data have reasonable 
agreement. During the inelastic loading range, the FE results for cross section rotation are 
557 
 
less than the test data, likely because residual stresses are not included in the FE results. 
9.3.6  Normal strains 
Figure 9.52 shows the strain gage locations at a section near mid span (Section A) of 
G2, which is located 5.5 inch west of mid span. This section is called Section G2-FM. 
The normal strains at Section G2-FM are plotted in Figure 9.53 through Figure 9.57. The 
locations of the FE results from Model-D4 correspond to the locations of the strain gages 
on Section G2-FM. For a section near mid span of G2, the primary bending moment 
causes compression in the tube and tension in the bottom plate flange. As shown in the 
figures, the flange lateral bending moment causes compression in the outside part of the 
tube (on the outside of the horizontal curvature), and tension in the inside part of the tube 
(on the inside of the horizontal curvature). For the bottom flange, the flange lateral 
bending moment causes compression in the inside part of the flange, and tension in the 
outside part of the flange. In the figures, the FE results and test data are plotted as the 
total applied force versus the normal strain. The figures include four horizontal lines 
representing the total applied force corresponding to My, My1, My2, and Mbuc, which are 
discussed in Section 9.3.3. 
Figure 9.53 shows the total applied force versus the normal strain in the bottom 
flange near mid span of G2. The inside of the bottom flange has less strain than the 
outside of the bottom flange due to the effect of flange lateral bending. The FE results are 
close to the test data.  
Figure 9.54 shows the total applied force versus the normal strain on the tube side 
walls of G2 near mid span. The inside part of the tube side wall did not yield due to the 
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effect of the flange lateral bending moment. Before the total applied force reaches the end 
of the elastic loading range (represented by the modified factored Constructibility limit 
state load), the FE results are close to the test data. After that, the differences between FE 
results and test data increase, and a likely reason is the residual stresses which are not 
included in the FE results.  
Figure 9.55 shows the total applied force versus the normal strain on the tube bottom 
near mid span of G2. The results are similar to those from the tube side walls.  
Figure 9.56 shows total applied force versus the normal strain in the tube top near 
mid span of G2. The figure shows the outside part of the tube top is fully yielded during 
the inelastic loading test. Before the load reaches the end of the elastic loading range, the 
FE results are close to the test data. After that, the differences increase. 
Figure 9.57 shows total applied force versus the normal strain in the web near mid 
span of G2. The strain gages location on the web top and bottom are symmetrical about 
the elastic neutral axis. From the figure, the FE results are close to test data. The web top 
has slightly larger strains than the web bottom in the elastic loading range, and a likely 
reason is the elastic neutral elastic axis is below the mid depth of the web. During the 
inelastic loading, the web top reaches the yield strain, but the web bottom does not yield.  
Figure 9.58 through Figure 9.60 present normal strains at the mid span of G1. The 
results are given for a section located 5.5 inch west of mid span, denoted JM. In the 
elastic loading range, the differences between the FE results and the test data are not 
large. During the inelastic loading test, the differences are large.  
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9.3.7  Local buckling and failure 
Local buckling of the tubular flange of G2 occurred after the mid span section 
yielded, as shown in Figure 9.4, Figure 9.5, and Figure 9.6. The local buckling occurred 
at a location about 3.5 inch east from the splice as shown in Figure 9.5 and Figure 9.6. As 
discussed in Section 9.3.1, significant imperfections in the tube geometry were created 
during the fabrication of the tube splice in G2 due to differences in the tube geometry at 
the splice (see Section 8.3 and Section 9.3.1). These imperfections were included in 
Model-D4, and the local buckling occurs in the FE analysis near the splice as shown in 
Figure 9.61 and Figure 9.62.  
Table 9.8 gives the maximum load capacity from Model-D3, Model-D4, and the test 
data. Here, the maximum load capacity includes both the total dead load and the applied 
force. The maximum load capacity of Model-D4 is close to the test data, but is smaller 
than that of Model-D3. As mentioned in Section 9.3.2, the main reason for the differences 
between the Model-D3 (pretest prediction) results and the Model-D4 results is the 
geometric imperfections in the region of the splice, which appear to have reduced the 
load capacity. The different pattern of forces between Model-D3 and Model-D4, noted 
earlier, has only a small effect on the results. The steel yield stress used in Model-D3 was 
actually smaller than that used in Model-D4, so the difference in yield stress cannot 
produce a greater load capacity for Model-D3. 
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9.3.8  Updated Model-D4 with more accurate tube material and residual 
stress 
The comparisons of the test data with FE results from Model-D4, indicate that partial 
yielding of the cross section of G2 occurs earlier in the test than in the analysis results 
from Model-D4.  An updated Model-D4 was developed considering more accurate stress-
strain data for the steel in the tube of G2 and residual stresses on the cross section from 
welding. 
The stress-strain data curves from the tensile coupons of the east tube of G2 show 
that the softening of the stress-strain curve occurs at a stress much less than the yield 
stress, as shown by the example in Figure 9.63. The early softening of the steel coupons 
from the steel tube is believed to be due to the variation residual stresses through the 
thickness of the tube from cold forming. In the figure, the curve labeled SC (similar to the 
stress-strain data shown in Figure 9.9) is a simple curve based on Young’s modulus and 
the static yield stress, ultimate strength, and ultimate strain as determined using SSRC 
Technical Memorandum No.7: Tension Testing (Ziemian, 2010). The curve labeled TSM 
is a stress-strain curve that captures the early softening behavior with a simple linear 
model. In the updated Model-D4, the stress-strain model for the steel in the tube is the 
TSM curve, with the data points based on an average of the stress-strain data for the east 
tube of G2.  
Figure 9.64 shows the total applied force versus the vertical displacement at mid 
span of G2. The results show that including early softening of tube steel material in 
Model-D4 (denoted Model-D4_TSM) produces early softening of the force-displacement 
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curve, but also results in a maximum load capacity slightly larger than that from Model-
D4. Figure 9.65 shows the modified primary bending moment versus the vertical 
displacement at mid span of G2. The results show that including early softening of the 
tube steel material (Model-D4_TSM) produces early softening of the moment-
displacement curve, and results in a maximum primary bending moment at mid span of 
G2 slighter larger than that from Model-D4 (20648 kip-inch versus 19902 kip-inch). A 
possible reason is as follows. 
It appears that local buckling of the tube occurs after the stress-strain response 
reaches the yield plateau. For Model-D4_TSM, the strains are larger in the tube when the 
stress in the tube reaches the yield plateau (of the steel stress-strain model); so when local 
buckling occurs, the primary bending strains over the entire cross section are larger, 
producing increased yielding of the web and a larger primary bending moment than that 
from Model-D4. The primary bending moment from Model-D4_TSM near the local 
buckling region is larger than that from Model-D4, as shown in Figure 9.66. Therefore, 
the maximum load for Model-D4_TSM is larger than that from Model-D4. 
Another reason for the difference between the results from Model-D4 and the test 
data is the effect of residual stresses from welding (WRS). Residual stresses from 
welding (using the pattern described in Section 3.3) were added to Model-D4_TSM 
(denoted Model-D4_TSM and WRS). Figure 9.67 presents the total applied force versus 
vertical displacement at mid span of G2 during the inelastic test in comparison with the 
results from Model-D4 and results from Model-D4_TSM and WRS. Figure 9.68 presents 
the modified primary bending moment versus vertical displacement at mid span of G2 
during the inelastic test in comparison with these FE results. The comparison of results 
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indicates that including residual stresses from welding further increases the vertical 
displacement (at a given level of applied force), and has a small effect on the maximum 
load capacity. An overall assessment of the results for the updated model-D4 suggest that 
the differences between the test data and FE results shown earlier are likely due to the 
early softening of tube steel material and the residual stresses from welding. 
Figure 9.69 through Figure 9.73 compare the total applied force versus normal 
strains at Section G2-FM near mid span (Section A) of G2 during the inelastic test. Test 
results are compared with results from Model-D4_TSM and WRS. The results from 
Model-D4_TSM and WRS are close to the test data. 
9.4  Design Validation 
According to AASHTO (2010), to ensure adequate strength and stability, a critical 
flexural section should satisfy the following strength criterion: 
nfxclu MSfM 
3
1
                                                                            (9.1) 
where,  
Mu = primary bending moment 
fl = flange stress from the flange lateral bending moment 
Sxc = elastic section modulus for the compression flange about the major axis of the 
section 
f  = resistance factor for flexure 
Equation 9.1 is equivalent to Equation 4.2, when Equation 4.2 is multiplied by Sxc. 
Equation 9.1 is also similar to Equation 4.7, except that here it is applied to compression 
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flange, which is the critical flange for the curved TFG1 test specimen as it was tested 
under the simulated construction (deck placement) condition. In this section, the 
applicability of the “1/3 rule” (inherent in Equation 4.2 and 4.7) to curved TFG1 girders 
is evaluated. 
Design flexural strength formulas for curved tubular flange girders were proposed by 
Kim and Sause (2005a). As shown in Section 2.3, the design flexural strength, Mn, is 
given by: 
sssbn MMCM                                           (9.2) 
where,  
Cb = moment gradient correction factor 
s  = strength reduction factor (see Section 2.3) 
Ms = cross section ultimate flexural strength (see Section 2.3) 
Table 9.9 shows the design flexural capacity (24320 kip-inch) for G2 from Equation 
9.2. The results in the table include the response due to the total dead load. 
 A comparison of the test results with Equation 9.1 is made as follows. The flange 
lateral bending stress is needed for a comparison with Equation 9.1, but was not available 
from the test data. However, as shown earlier (Section 9.3), the FE results from Model-
D4 and the test results for the primary bending moment are very close. Thus, the flange 
lateral bending stress result for the test is taken to be equal to the FE result from Model-
D4. The calculated left side of Equation 9.1 at the maximum load capacity for the FE 
results (Mu-FE +1/3 fl-FESxc) is 25520 kip-inch and for the test data (Mu-test+1/3 fl-FESxc) is 
25720 kip-inch. Both results are greater than the design flexural strength, which means 
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the girder fails at the load level higher than that predicted by the design flexural strength. 
Therefore, the flexural strength design criteria (Equation 4.2 and Equation 4.7) are shown 
to be conservative for a curved TFG1 bridge system.  
In addition, the results comparing the FE results and the test data, shown earlier 
(Section 9.3), show that the relationships between the total applied force and the 
displacements and between the total applied force and the normal strains, are essentially 
linear beyond the load corresponding to the factored Constructibility limit state load. This 
linear behavior is the response intended by the design guidelines. Therefore, the 
Constructibility limit state design criteria are applicable to a curved TFG1 bridge system. 
9.5  Summary of Results 
The test data are presented and compared with the FE analysis results from Model-
D4 which has material property and geometric information measured from the test 
specimen. The following results are observed: 
(1) In the elastic loading range, the FE results are close to the test data. 
(2) The FE results and test results for the total primary bending moment in G1 at 
mid span of the test specimen are relatively close; the FE results and test 
results for the primary bending moment in G2 are very close. 
(3) The FE results and test results for normal strains in the girders are similar; 
(4) The FE results for the maximum load capacity of the test specimen including 
the total dead load are close to the test results (266 kips for the FE results and 
260 kips for the test data). 
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(5) Geometric imperfections at the splice in the tubular flange appear to have 
affected the behavior of the test specimen and may have reduced the maximum 
load capacity. Therefore, if splices are necessary to fabricate the tube of a 
TFG1, the splice is recommended to be located far away from a critical 
flexural section. 
(6) The residual stresses from welding the flanges to the webs of the TFG1s in the 
test specimen had a noticeable effect on the applied force versus vertical 
displacement response, but had little effect on the maximum load capacity of 
the test specimen. 
(7) The early softening of the tube steel material had a noticeable effect on the 
applied force versus vertical displacement response. 
(8) The close agreement of the FE results with the test data indicates that the FE 
models can be used to accurately predicate the response of curved TFG1 
bridges. 
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Table 9.1 Inelastic test loading plan 
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Table 9.2 Tension coupon summary 
Part 
Yield 
stress 
(ksi) 
Ultimate 
strength 
(ksi) 
Strain at ultimate 
strength 
(inch/inch) 
Tube1 (east) of G2 53.4 66.8 0.130 
Tube2 (west) of G2 61.0 75.7 0.067 
Average of Web1 (G1) and Web2 
(G2) 
52.5 74.0 0.144 
Flange1 of G1 51.0 76.9 0.135 
Flange2 of G2 54.5 83.8 0.126 
 
 
 
Table 9.3 Dimensions of tubular flange of G1 
Tube Section 
Inside depth (d1) 
(inch) 
Outside depth (d2) 
(inch) 
Top width (b1) 
(inch) 
West tube 
R-EW 8.33 8.16 11.69 
R-DW 8.34 7.18 11.69 
R-CW 8.37 8.18 11.68 
R-BW 8.30 8.16 11.74 
East tube 
A 8.51 8.16 11.64 
R-BE 8.51 8.15 11.65 
R-CE 8.51 8.14 11.66 
R-DE 8.51 8.15 11.66 
R-EE 8.45 8.12 11.71 
 
 
Table 9.4 Dimensions of tubular flange of G2 
Tube Section 
Inside depth (d1) 
(inch) 
Outside depth (d2) 
(inch) 
Top width (b1) 
(inch) 
West tube 
R-EW 8.50 8.12 11.63 
R-DW 8.51 8.18 11.61 
R-CW 8.51 8.17 11.62 
R-BW 8.52 8.17 11.62 
A 8.50 8.12 11.68 
East tube 
R-BE 8.33 8.17 11.70 
R-CE 8.34 8.19 11.69 
R-DE 8.35 8.19 11.71 
R-EE 8.33 8.16 11.75 
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Table 9.5 Dimensions of tubular flange of G2 between Section BW and Section BE 
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Table 9.6 Cross section dimensions for input into Model-D4 
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Table 9.7 Thickness for sections adjacent to splice 
Section 
Thickness (t1) 
(inch) 
Thickness (t2) 
(inch) 
Thickness 
(t) 
(inch) 
East of R-S 0.310 - 0.349 
West of R-S 0.310 0.339 0.349 
 
 
 
Table 9.8 Maximum load capacity 
Models 
Maximum load capacity 
(kip) 
Model-D3 285 
Model-D4 266 
Test data 260 
 
 
 
Table 9.9 Flexural strength of G2 
Design 
flexural 
strength  
(kip-inch) 
Primary 
bending 
moment 
from FE 
model (Mu-
FE) 
(kip-inch) 
Lateral 
bending 
moment 
from FE 
model (ML-
FE) 
 (kip-inch) 
Primary 
bending 
moment 
from test 
data  
(Mu-test) 
(kip-inch) 
Mu-FE + 
1/3 fl-FESxc  
  
(kip-inch) 
Mu-test +  
1/3 fl-FESxc 
  
 (kip-inch) 
24320 22600 1050 22800 25520 25720 
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Figure 9.2 Total applied force versus vertical displacement at mid span (Section A) of G1 
from test data 
 
 
 
Figure 9.3 Total applied force versus vertical displacement at mid span (Section A) of G2 
from test data 
 
  
 
 
 
 
 
0
50
100
150
200
250
300
0 1 2 3 4 5
T
o
ta
l 
a
p
p
li
ed
 f
o
rc
e 
(k
ip
)
Veritical displacement (inch)
Test data
Modified elastic limit
Phase I Phase II
0
50
100
150
200
250
300
0 2 4 6 8 10 12
T
o
ta
l 
a
p
p
li
ed
 f
o
rc
e 
(k
ip
)
Veritical displacement (inch)
Test data
Modified elastic limit
Phase I Phase II
573 
 
 
Figure 9.4 Local buckled region of test specimen 
 
 
 
Figure 9.5 Buckled region of tubular flange of G2 from test specimen 
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Figure 9.6 Buckled region of tubular flange of G2 from test specimen seen from bottom 
view 
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Figure 9.7 Side view of tensile coupons (from top to bottom: G2 bottom flange, G1 
bottom flange, G2 web and G2 tube) 
 
 
 
Figure 9.8 Plan view of typical tensile coupon 
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Figure 9.9 Stress-strain data from coupon test 
 
 
 
Figure 9.10 Dimensions of tube 
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Figure 9.12 Cross section in interpolation range 
 
 
 
Figure 9.13 Samples cut from buckled region of G2 
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(a) Photograph of etched side of sample 4  
 
 
(b) Details of etched side of sample 4  
Figure 9.14 Tube misalignment at splice location for sample 4 after metallography 
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(a) west from splice (b) east from splice 
Figure 9.15 Cross section adjacent to splice 
 
 
 
 
Figure 9.16 Total applied force versus vertical displacement at mid span (Section A) of 
G2 from Model-D3 and Model-D4  
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Figure 9.17 Total applied force versus vertical displacement at mid span (Section A) of 
G2  
 
 
 
 
Figure 9.18 Total applied force versus vertical displacement at Section BE of G2 
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Figure 9.19 Total applied force versus vertical displacement at Section BW of G2 
 
 
 
Figure 9.20 Total applied force versus vertical displacement at Section CE of G2 
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Figure 9.21 Total applied force versus vertical displacement at Section DE of G2 
 
 
 
Figure 9.22 Total applied force versus vertical displacement at Section DW of G2 
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Figure 9.23 Total applied force versus vertical displacement at mid span (Section A) of 
G1 
 
 
 
Figure 9.24 Total applied force versus vertical displacement at Section BE of G1 
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Figure 9.25 Total applied force versus vertical displacement at Section BW of G1 
 
 
 
Figure 9.26 Total applied force versus vertical displacement at Section CE of G1 
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Figure 9.27 Total applied force versus vertical displacement at Section CW of G1 
 
 
 
Figure 9.28 Total applied force versus vertical displacement at Section DE of G1 
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Figure 9.29 Total applied force versus vertical displacement at Section DW of G1 
 
 
  
Figure 9.30 Modified total primary bending moment at mid span of G1 and G2 versus 
total applied force 
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Figure 9.31 Modified total primary bending moment at mid span of G1 and G2 versus 
total applied force (detail) 
 
 
 
Figure 9.32 Total applied force versus modified primary bending moment at mid span 
(Section A) of G2 
 
 
 
 
10,000
11,000
12,000
13,000
14,000
15,000
16,000
17,000
100 110 120 130 140 150
M
o
d
if
ie
d
 p
ri
m
a
ry
 b
en
d
in
g
 m
o
m
en
t
(k
ip
-I
in
ch
)
Total applied force (kip)
Model-D3
Model-D4
Test data
0
5,000
10,000
15,000
20,000
25,000
0 50 100 150 200 250
M
o
d
if
ie
d
 p
ri
m
a
ry
 b
en
d
in
g
 m
o
m
en
t
(k
ip
-I
in
ch
)
Total applied force (kip)
Model-D4
Test data
Modified My
Modified My1
Modified Mbuc
Modified My2
590 
 
 
Figure 9.33 Modified primary bending moment versus vertical displacement at mid span 
(Section A) of G2 
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Figure 9.36 Total applied force versus lateral displacement at mid span (Section A) of G2 
 
 
 
Figure 9.37 Total applied force versus lateral displacement at mid span (Section A) of G1 
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Figure 9.38 Total applied force versus cross section rotation at mid span (Section A) of 
G1 
 
 
 
Figure 9.39 Total applied force versus cross section rotation at Section R-BW of G1 
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Figure 9.40 Total applied force versus cross section rotation at Section R-BE of G1 
 
 
 
Figure 9.41 Total applied force versus cross section rotation at Section R-CW of G1 
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Figure 9.42 Total applied force versus cross section rotation at Section R-CE of G1 
 
 
 
Figure 9.43 Total applied force versus cross section rotation at Section R-DW of G1 
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Figure 9.44 Total applied force versus cross section rotation at Section R-DE of G1 
 
 
 
Figure 9.45 Total applied force versus cross section rotation at mid span (Section A) of 
G2 
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Figure 9.46 Total applied force versus cross section rotation at Section R-BW of G2 
 
 
 
Figure 9.47 Total applied force versus cross section rotation at Section R-BE of G2 
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Figure 9.48 Total applied force versus cross section rotation at Section R-CW of G2 
 
 
 
Figure 9.49 Total applied force versus cross section rotation at Section R-CE of G2 
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Figure 9.50 Total applied force versus cross section rotation at Section R-DW of G2 
 
 
  
Figure 9.51 Total applied force versus cross section rotation at Section R-DE of G2 
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Figure 9.52 Uniaxial strain gages at Section G2-FM 
 
 
 
Figure 9.53 Total applied force versus normal strain in bottom flange (mid surface) near 
Section A of G2 (G2-FM) 
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Figure 9.54 Total applied force versus normal strain on tube side walls near Section A of 
G2 (G2-FM) 
 
 
 
Figure 9.55 Total applied force versus normal strain on tube bottom wall near Section A 
of G2 (G2-FM) 
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Figure 9.56 Total applied force versus normal strain on tube top wall near Section A of 
G2 (G2-FM) 
 
 
 
Figure 9.57 Total applied force versus normal strain in web (mid surface) near Section A 
of G2 (G2-FM) 
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Figure 9.58 Total applied force versus normal strain in web (mid surface) near Section 
JM of G1 (G1-JM) 
 
 
 
Figure 9.59 Total applied force versus normal strain on tube side walls near Section JM 
of G1 (G1-JM) 
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Figure 9.60 Total applied force versus normal strain on tube top wall near Section JM of 
G1 (G1-JM) 
 
 
 
 
Figure 9.61 Buckled region of G2 tubular flange from Model-D4 
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Figure 9.62 Buckled region of G2 tubular flange from Model-D4 seen from bottom view 
 
 
  
Figure 9.63 Stress-strain data from coupon 3 
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Figure 9.64 Total applied force versus vertical displacement at mid span (Section A) of 
G2 from Model-D4 (with and without early softening of the tube steel) 
 
 
 
Figure 9.65 Modified primary bending moment versus vertical displacement at mid span 
of G2 (with and without early softening of the tube steel) 
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Figure 9.66 Modified primary bending moment versus vertical displacement near local 
buckling region of G2 (with and without early softening of the tube steel) 
 
 
 
Figure 9.67 Total applied force versus vertical displacement at mid span (Section A) of 
G2 (with and without early softening of the tube steel and residual stresses from welding) 
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Figure 9.68 Modified primary bending moment versus vertical displacement at mid span 
(Section A) of G2 from Model-D4 (with and without early softening of the tube steel and 
residual stresses from welding) 
 
 
 
Figure 9.69 Total applied force versus normal strain in bottom flange (mid surface) near 
Section A of G2 (G2-FM) from Model-D4 (with and without early softening of the tube 
steel and residual stresses from welding) 
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Figure 9.70 Total applied force versus normal strain on tube side walls near Section A of 
G2 (G2-FM) from Model-D4 (with and without early softening of the tube steel and 
residual stresses from welding) 
 
 
 
Figure 9.71 Total applied force versus normal strain on tube bottom wall near Section A 
of G2 (G2-FM) from Model-D4 (with and without early softening of the tube steel and 
residual stresses from welding) 
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Figure 9.72 Total applied force versus normal strain on tube top wall near Section A of 
G2 (G2-FM) from Model-D4 (with and without early softening of the tube steel and 
residual stresses from welding) 
 
 
 
Figure 9.73 Total applied force versus normal strain in web (mid surface) near Section A 
of G2 (G2-FM) from Model-D4 (with and without early softening of the tube steel and 
residual stresses from welding) 
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Chapter 10:   Summary, Conclusions and Future Work 
10.1  Summary 
An analytical and experimental study of horizontally curved tubular flange girders 
(TFGs) with a tube as the top flange and a flat plate as the bottom flange (the TFG1 
section) was presented. Compared with a conventional steel plate I-shaped girder (IG), 
the tubular flange provides substantially greater torsional stiffness and strength, which 
results in improved curved girder behavior compared with an IG. Compared to a 
previously studied TFG section (Dong and Sause, 2008b) with rectangular tubes as the 
top and bottom flanges (i.e., the TFG2 section), a TFG1 has the advantage of avoiding 
the need for concrete infill or an internal steel diaphragm in the tubular bottom flange at 
the bearings. The TFG1 section also avoids the need for cover plates on the tubular 
bottom flanges for bridges with a long span or a large curvature ratio (Dong and Sause, 
2008a). 
Simplified FE models (Model-S) were developed for use in design of curved TFG1 
bridge systems. Detailed FE models (Model-D1) were developed for use in validating the 
design guidelines for curved TFG1 bridge system and for investigating the response of 
curved TFG1 bridges to various loading conditions. Detailed FE Model-D3 and Model-
D4 were used to predict and study the behavior of the test specimen. The results for 
deformations (vertical displacement and cross section rotation), flange lateral bending 
moment, primary bending moment, and force-displacement response from Model-S were 
compared with those from Model-D1.  
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Design criteria from the AASHTO LRFD Bridge Design Specifications (AASHTO, 
2010) and a process to apply these criteria to curved TFG1 bridge systems were 
introduced. The design guidelines (criteria and process) were used to design curved TFG1 
bridge systems. Eight example bridges were designed and studied to validate the design 
guidelines. Analyses of these example bridges using Model-S were used to determine the 
design demands. Model-D1 was used in nonlinear load-displacement analyses to study 
the response of the example bridges and to validate the use of Model-S. The analyses 
show that the design guidelines (including criteria from AASHTO (2010)) can be used to 
safely design curved TFG1 bridge systems. The stress results from Model-S were 
checked with the design criteria, and the results from Model-D1 were compared and 
checked with the design criteria. In addition, comparisons between curved TFG2 bridges 
and curved TFG1 bridges were made.  The results for deformations (vertical 
displacement and cross section rotation), flange lateral bending moment, and maximum 
load capacity from curved TFG1 bridge systems were compared with those from curved 
TFG2 bridge systems.  
A comprehensive study of the response of curved TFG1 bridge systems compared 
with corresponding curved IG bridge systems was conducted. All comparisons were 
based on bridges that satisfy current U.S. design recommendations for steel girder curved 
highway bridge girders. A parametric study was conducted, where the parameters of the 
bridges that were varied include the span length, the horizontal curvature, number of 
interior cross frames, and other factors. 28 different curved TFG1 bridges were designed. 
These bridges were used with detailed FE Model-D1 in a study of the effectiveness of the 
design guidelines. The curved TFG1 bridge systems were compared with corresponding 
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curved IG systems.  
Different methods of detailing the cross frames for curved TFG1 bridges were 
studied and compared. The methods include conventional no load fit (NLF), steel dead 
load fit (SDLF), and total dead load fit (TDLF). In addition, two new detailing methods 
for curved TFG1 bridges, individual steel dead load fit (ISDLF) and remaining dead load 
fit (RDLF) were studied. The different detailing methods were studied for five example 
bridges using detailed FE Model-D1. Curved girder system responses including the final 
elevation, final layover, girder stress, and maximum load capacity, resulting from the 
different detailing methods were compared. 
A two-thirds scale two-girder test specimen and corresponding full size bridge were 
designed using the design guidelines. The full-size bridge has a 90 ft span, and a 
curvature ratio (span over curvature radius) of 0.45. The two-thirds scale two-TFG1 test 
specimen has the same curvature ratio, but the dimensions are scaled by two-thirds. 
Model-S was used in the design process. The stress results from Model-S were checked 
with the design criteria. Detailed FE Model-D1 was used to validate the use of Model-S. 
A corresponding curved IG bridge system was designed and compared with the full-size 
curved two-TFG1 bridge. The comparisons included the vertical displacements and the 
maximum load capacity of the bridge systems under  non-composite and composite (with 
the concrete bridge deck) conditions.  
 The test specimen was fabricated and erected in the test-setup area. Then procedure 
to erect and assemble the curved TFG1 girder system was studied, using FE Model-D1 
analysis and measurements of the test specimen response. The vertical displacement and 
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strain data were analyzed and compared with FE analysis results during the erection and 
assembly process. 
The test specimen was tested up to and beyond the maximum load capacity.  An 
updated FE model (Model-D4), including accurate material properties, geometric 
imperfections of the tubular top flange, and test boundary conditions, was used to analyze 
the test specimen and make comparisons with the test data. Geometric imperfections of 
the tubes near a critical welded tubular flange butt splice were studied and implemented 
in Model-D4. Also, the applied forces measured in the tests were applied to Model-D4. 
The effects of early softening of the tube steel material and of residual stresses from 
welding were studied using Model-D4. The results for vertical displacements, cross 
section rotations, lateral displacements, primary bending moment, and local buckling 
were presented and compared with FE analysis results.   
10.2  Major Results 
From the research on curved TFG1 bridge systems summarized above, the following 
are the major results:  
(1) Design criteria for curved steel I-shaped girders for highway bridges from 
AASHTO (2010), applied in accordance with recommendations from Dong 
and Sause (2008b), can be used effectively to design curved steel TFG1 bridge 
systems. The criteria considered in this study include Service II limit state 
criteria, and Strength I limit state criteria, and the Constructability limit state 
criteria for individual girders during girder erection and for bridge girder 
systems (girders with cross frames (or diaphragms)) under the deck placement 
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condition. 
(2) Simplified FE models can be used to safely design curved steel TFG1 bridge 
systems, and detailed FE models can be developed to investigate the detailed 
behavior of curved TFG1 bridge systems. 
(3) Under vertical loads, individual curved TFG1s develop much smaller 
deformations (vertical displacements and cross section rotations) and stresses 
(warping normal stresses and total normal stresses) than corresponding curved 
IGs (the vertical displacements of individual IGs are more than 8 times that of 
individual TFG1s). 
(4) Individual curved TFG1s can be designed to be erected using bracing only at 
the bearings and without temporary shoring or bracing within the span. 
Individual curved TFG1s have small deformations under these conditions. 
Under these conditions, the interior cross frames (or diaphragms) can be 
attached to the individual TFG1s at a convenient time in the erection process, 
and are not required for the curved steel bridge girder system to carry its own 
weight. The forces required to install the interior cross frames are reasonable. 
(5) Residual stresses in the tubular flange of TFG1s due to welding during 
fabrication of the girders have an effect on the load versus the vertical 
displacement response of the TFG1 bridge system for curved two-girder and 
three-girder systems without a concrete deck, but have only a small effect for 
four-girder systems without a concrete deck. 
(6) Residual stresses in the tubular flange of TFG1s due to welding during 
fabrication of the girders have only a small effect on the maximum load 
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capacities of curved TFG1 bridge systems with a concrete deck. 
(7) Curved TFG1 bridge systems have total girder cross section areas and 
responses (deformations and maximum load capacity) under vertical load 
similar to those of curved TFG2 systems (the differences are less than 5%). 
(8) For the same span and curvature ratio, curved TFG1 bridge system designs 
have more efficient (lighter) girder cross sections and/or require fewer interior 
cross frames than corresponding curved IG system designs. 
(9) For bridges under construction conditions, when the girders are not composite 
with the concrete deck, a curved IG bridge system has more significant second 
order effects than a curved TFG1 bridge systems, especially for two-girder 
systems. The second order effects are notable for curved two-girder systems, 
but are smaller for four-girder bridge systems. 
(10) For assembled curved bridge girder systems without a concrete deck or with a 
concrete deck, a curved TFG1 bridge system has a response similar to that of 
the corresponding IG system, but requires fewer interior cross frames (or 
diaphragms). 
(11) Conventional NLF, SDLF, and TDLF detailing may require temporary 
supports within the span to put the girders in the approximate NL condition; 
ISDLF and RDLF do not need temporary supports within the span. It may be 
possible to use NLF, SDLF, or TDLF detailing without temporary supports, 
keeping the girder in the ISDL condition, but applying forces to the cross 
frames to install the cross frames (detailed using NLF, SDLF, or TDLF). These 
forces will be greater than when the girders are in the NL condition. 
617 
 
(12) With NLF and ISDLF detailing, each girder reaches the intended final 
elevation under TDL. SDLF, TDLF and RDLF detailing do not produce the 
intended final elevation. 
(13) ISDLF detailing results in the largest layover (the differential lateral 
displacement between the top and bottom flanges of the bridge girder); the 
layovers are quite large for bridges with 120 ft and 150 ft span. 
(14) TDLF and SDLF detailing increase the maximum normal stresses in the 
outside girder; ISDLF detailing decreases the maximum normal stresses in the 
outside girder for curved TFG1 bridges with spans less than or equal to 120 ft. 
(15) For curved TFG1 bridges with a short span (less than or equal to 90 ft), 
different detailing methods result in similar maximum load capacities; for 
bridges with a long span, ISDLF detailing results in a maximum load capacity 
smaller than that from the procedure of detailing and installing cross frames 
using the other methods. 
(16) Responses during the erection and assembly of the test specimen were small; it 
was easy to install the interior diaphragms of the girder system as the 
individual TFG1s carried their own weight across the span without shoring or 
other temporary support within the span. 
(17) The test specimen did not yield during the elastic loading tests, however, the 
effects of early softening of the tube steel material and of residual stresses from 
welding were observed. The test data and FE analysis results show that 
yielding does not occur under the factored Constructibility limit state load. 
These results show that the design guidelines used to design the test specimen 
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provide the intended response.  
(18) The inelastic loading test of the test specimen and the related FE analyses show 
that geometric imperfections near a tubular flange butt weld splice may affect 
the maximum load capacity of a TFG1. Therefore, if tubular flange splices are 
necessary to fabricate a TFG1, the splice location should be far away from 
critical flexural sections, unless a more reliable splice weld procedure can be 
developed. 
(19) FE Model-D4 with measured steel material properties and measured test 
specimen geometric imperfections provided FE results that were quite similar 
to the test results. The agreement of the FE results with the test results was 
very good in the elastic loading range, but the FE results for displacements at a 
given level of applied load were consistently less than the test results. A study 
which included early softening of the tube steel material and residual stresses 
from welding in Model-D4, showed improved agreement with the test data. 
The maximum load capacity from FE Model-D4 was very close to the 
measured maximum load capacity of the test specimen. 
(20) Comparisons between the test results and the FE analysis results show that 
detailed FE models can accurately simulate the response of curved TFG1 
bridge systems. 
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10.3  Conclusions 
Based on the research on curved TFG1 bridge systems summarized above, the 
following conclusions are made:  
(1) The design criteria and process used for the curved TFG1 bridge girder systems 
in this study, based the AASHTO LRFD Bridge Design Specifications 
(AASHTO, 2010), can be used effectively to design curved steel TFG1 bridge 
systems. 
(2) The simplified FE models developed in this study have sufficient accuracy to 
be used to design curved steel TFG1 bridge systems (the differences between 
Model-D1 and Model-S for vertical displacement under the same load are less 
than 8%). 
(3) The detailed FE models developed in this study have sufficient accuracy to 
simulate the detailed response of curved TFG1 bridge systems. 
(4) Individual curved TFG1s can be designed to be erected with only vertical 
support and bracing at the bearings, and without temporary shoring, other 
support, or bracing within the span. Under these conditions, the interior cross 
frames (or diaphragms) can be attached to the individual TFG1s at a 
convenient time in the erection process. 
(5) Curved bridge systems with TFG1s have more efficient (lighter) cross sections 
and/or require fewer cross frames than corresponding IG systems. 
(6) ISDLF detailing with the cross frames installed in the ISDL condition is 
recommended for curved TFG1 bridges with a short span (less than or equal to 
90 ft) to fully avoid the need for temporary support within the span. NLF 
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detailing with the cross frames installed in the ISDL condition is recommended 
for curved TFG1 bridges with a span greater than 90 ft. It may be possible to 
install cross frames with NLF detailing in the ISDL condition or in the 
condition where girders are partially supported. 
(7) The residual compressive stresses in the tubular flanges from welding the tubes 
to the webs of a TFG1 have a noticeable effect on the applied force versus 
vertical displacement response, but have a small effect on the maximum load 
capacity of the test specimen. 
(8) The test results validated the FE models developed by this study as well as the 
design guidelines for curved TFG1 bridge systems. 
(9) If welded tubular flange splices are necessary to fabricate a TFG1, the splice 
location should be far away from critical flexural sections, until a more reliable 
splice weld procedure can be developed. 
10.4  Future Work 
The following future work is recommended: 
(1) Only three limit states in the AASHTO LRFD Bridge Design Specifications 
(AASHTO, 2010) were considered in this study. Other limit states (e.g., 
Fatigue and Fracture) need to be studied. 
(2) Experiments on multiple girders systems are needed to fully investigate the 
behavior of curved TFG1 bridge systems. 
(3) Experiments on curved TFG1 bridges with a concrete deck are needed to 
investigate curved TFG1 bridge system behavior under service conditions and 
validate FE models with a concrete deck;  
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(4) A study of the procedure to install the cross frames with NLF detailing with the 
TFG1s in the ISDL condition, or in the condition where the girders are 
partially supported, is needed. 
(5) This research focused on simply supported curved TFG1 bridge systems. 
Similar research on continuous curved bridge systems with TFG1s is needed.  
(6)  Reliable welded tube splices should be developed for joining tube segments 
during fabrication of TFG1s. 
(7)  The effects of residual stresses due to welding and the actual stress-strain 
behavior of steel tubes (resulting from cold forming and cold bending) on the 
response of TFG1s should be studied, including further tests and tensile 
coupon tests. 
  
622 
 
References 
AASHTO (2004) AASHTO LRFD Bridge Design Specifications. American Association 
of State Highway and Transportation Officials, Washington, D.C. 
AASHTO (2010) AASHTO LRFD Bridge Design Specifications. American Association 
of State Highway and Transportation Officials, Washington, D.C. 
AISC(2005) Steel Construction Manual. American Institute of Steel Construction. Inc., 
Chicago, IL. 
AASHTO/NSBA Steel Bridge Collaboration (2003) Guidelines for Design for 
Constructibility. Publication G12, 1-2003, American Association of State Highway 
and Transportation Officials (AASHTO), Washington, D.C. 
AASHTO (1995) Guide Design Specification for Bridge Temporary Works. American 
Association of State Highway Transportation Officials, Washington, D.C.  
Dong, J., Sause, R. (2008a) “Flexural strength of tubular flange girders,” Journal of 
Constructional Steel Research, 65, 622-630 (DOI: 10.1016/j.jcsr.2008.02.019). 
Dong, J., Sause, R. (2008b) “Analytical Study of Horizontally Curved Hollow Tubular 
Flange Girders.” ATLSS Report 08-15, ATLSS Engineering Research Center, Lehigh 
University, Bethlehem, PA. 
623 
 
Dong, J., Sause, R. (2010a) “Finite Element Analysis of Curved Steel Girders with 
Tubular Flanges,” Engineering Structures, 32, 319-327 (DOI: 
10.1016/j.engstruct.2009.09.018). 
Dong, J., Sause, R. (2010b) “Behavior of Hollow Tubular-Flange Girder Systems for 
Curved Bridges,” Journal of Structural Engineering, 136, 174-182 
(DOI:10.1061/ASCEST.1943-541X.0000092). 
Fan Z. (2007) “Behavior of Horizontally Curved Steel Tubular-Flange Bridge Girders,” 
Ph.D. Dissertation, Lehigh University, Bethlehem, PA. 
Hampe (2012) “Analysis and Design of Test Setup and Loading Fixtures for Horizontally 
Curved Tubular Flange Girder Test Specimen.” M.S. Thesis, Department of Civil and 
Environmental Engineering, Lehigh University, Bethlehem, PA. 
Kim, B.G., Sause, R. (2005a) “High Performance Steel Girders with Tubular Flanges.” 
ATLSS Report 05-15, ATLSS Engineering Research Center, Lehigh University, 
Bethlehem, PA. 
Kim, B.G., Sause, R. (2005b) “High Performance Steel Girders with Tubular Flanges,” 
International Journal of Steel Structures, 5, 253-263. 
Kim, B.G., Sause, R. (2008) “Lateral Torsional Buckling Strength of Tubular Flange 
Girders,” Journal of Structural Engineering, ASCE, 134, 902-910 
(DOI: 10.1061/(ASCE)0733-9445(2008)134:6(902)). 
624 
 
Mahvashmohammadi, K. (2014) “Tests of Horizontally Curved Tubular Flange Girder 
System.” M.S. Thesis, Department of Civil and Environmental Engineering, Lehigh 
University, Bethlehem, PA. 
Oh, B. (2002) “A Plasticity Model for Confined Concrete under Uniaxial Loading.” Ph.D.  
Dissertation, Department of Civil and Environmental Engineering, Lehigh University, 
Bethlehem, PA. 
Putnam, E. (2010) “ Design, Experimental, and Analytical Study of a Horizontally 
Curved Tubular Flange.” M.S. Thesis, Department of Civil and Environmental 
Engineering, Lehigh University, Bethlehem, PA. 
Sause, R., Ma, H., Mahvashmohammadi, K. (2014) “Design, Analysis, and Tests of Steel 
Tubular Flange Girder (TFG) System for Curved Highway Bridges.”  ATLSS Report 
14-03, ATLSS Engineering Research Center, Lehigh University, Bethlehem, PA. 
Wassef, W.G., Ritchie, P.A., Kulicki, J.M. (1997) “Girders with Corrugated Webs and 
Tubular Flanges – An Innovative Bridge System,” in Proceedings, 14th Annual 
Meeting, International Bridge Conference, Pittsburgh, PA, 425-432. 
Wimer, M.R., Sause, R. (2004) “Reactangular Tubular Flange Girders with Corrugated 
and Flat Webs.” ATLSS Report 04-18, ATLSS Engineering Research Center, Lehigh 
University, Bethlehem, PA. 
White, D.W., Coletti, D. Chavel, B.W, Sanchez, A., Ozgur, C., Chong, J., Leon, R.T., 
Medlock, R.D., Cisneros, R.A., Galambos, T.V., Yadlosky, J.M., Gatti, W.J., Kowatch, 
G.T. (2012) “Guidelines for Analysis Methods and Construction Engineering of 
625 
 
Curved and Skewed Steel Girder Bridges.” NCHRP725, Transpiration research board 
of the national academies,  Washington, D.C. 
Ziemian, R. D. (ed) (2010) “Appendix B: Technical Memoranda of Structural Stability 
Research Council,” in Guide to Stability Design Criteria for Metal Structures, Sixth 
Edition, John Wiley & Sons, Inc., Hoboken, NJ. 
626 
 
Vita 
Haiying Ma was born to Mr. Chuanjiu Ma and Mrs. Guiping Liu in Jiaozhou, 
Shandong Province of China on September 26 th, 1981. She is married to Ye Xia. They 
have their lovely son, Vincent R.Xia in 2011. 
Haiying Ma graduated with a B.S. degree in Civil Engineering from Tongji 
Univsersity in Shanghai, China in 2004.  The she began her graduate study under Prof. 
Xuefei Shi at Tongji University and received her M.S. degree in Bridge Engineering in 
2007.  The title of her M.S. thesis was “Analytical Study of Transverse Stress 
Distribution in Girders of Prestressed Concrete Cable-stayed Bridges”. Thereafter, she 
worked as a bridge engineer at Tonghao Civil Engineering Consulting Company Ltd. for 
one year.  
In 2008, Haiying Ma began to pursue her Ph.D. in structural engineering at Lehigh 
University, Bethlehem, Pennsylvania, where she has been working as a research assistant 
at the Advanced Technology for Large Structural Systems (ATLSS) Research Center. 
She is expecting to receive a Ph.D. degree in Civil Engineering on curved tubular flange 
girders in January 2015. 
 
 
